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CHAPTER 1

INTRODUCTION

1-1. General.
a. This series of manuals, entitled Designing Facil

ities to Resist Nuclear Weapon Effects, is organized as
follows:

TM 5-858-1 Facilities System Engineering
TM 5-858-2 Weapon Effects
TM 5-858-3 Structures
TM 5-858-4 Shock Isolation Systems
TM 5-858-5 Air Entrainment, Fasteners, Pene

tration Protection, Hydraulic
Surge Protective Devices, EMP
Protective Devices

TM 5-858-6 Hardness Verification
TM 5-858-7 Facility Support Systems
TM 5-858-8 illustrative Examples

A list of references pertinent to each manual is placed
in an appendix. Additional appendixes and bib
liographies are used, as required, for documentation of
supporting information. Pertinent bibliographic mate
rial is identified in the text with the author's name
placed in parentheses. Such bibliographic material is
not necessary for the use of this manual; the name and
source of publications related to the subject of this
manual is provided for information purposes.

b. The purpose of this series of manuals is to pro
vide guidance to engineers engaged in designing facil
ities that are required to resist nuclear weapon effects.
It has been written for systems, structural, mechan
ical, electrical, and test engineers possessing state-of
the-art expertise in their respective disciplines, but
having little knowledge of nuclear weapon effects on
facilities. While it is applicable as general design
guidelines to all Corps of Engineers specialists who
participate in designing permanent military facilities
it has been written and organized on the assumption ~
systems-engineering group will coordinate design of
the facilities.

c. Technical Manual 5-858 addresses only the de
signing of hardened facilities; other techniques to
achieve survival capacity against nuclear weapon at
tacks are deception, duplication, dispersion, nomadiza
tion, reconstitution, and active defense. A facility is
said to be hardened if it has been designed to directly
resist and mitigate the weapon effects. Most of the
hardening requirements are allocated to the subsidiary
facilities, which house, support, and protect the prime
mission materieUpersonnel (pMMP). This manual is
applicable to permanent facilities, such as those asso
ciated with weapon systems, materiel stockpiles, com-

mand centers, manufacturing centers, and communi
cations centers.

d. The nuclear weapon threats considered are listed
below. Biological, chemical, and conventional weapon
attacks are not considered.

-Weapons aimed at the facility itself or at nearby
targets

-A range from many, relatively small-yield weap
ons to a single super-yield weapon

-Weapon yields from tens of kilotons to hundreds
of megatons

-Weapon delivery by aerial bombing, air-to-surface
missile, surface-to-surface missile, or sattelite
launched vehicle

-Detonation (burst) of a weapon in the air, at the
ground surface, or beneath the ground surface

-Direct-overhead bursts for a deep-buried facility
-Near-miss bursts for a near-surface facility, pro-

ducing peak over-pressures from tens to
thousands of psi at the facility

e. The designing of facilities resistant to nuclear
weapon effects is an evolving specialty using a rela
tively narrow data base that incorporates both random
and systematic uncertainties. The range of these un
certainties may vary from significant (order of 1 to 2
magnitudes) to normal (10 to 100 percent variation
from average values). The applicable uncertainty value
depends on the specific weapon effect or hardening ob
jective under consideration. Loading uncertainty is
generally more significant than resistance uncertain
ty. Awareness of the appropriat.e uncertainty (extent
of ignorance) factor is essential not only for system en
gineering trade-offs, but in the utilization of available
analysis or test procedures. Studies and experiments
are being conducted to improve methodology, to better
define random uncertainties, and to reduce systematic
uncertainties. This manual will be revised as signifi
cant improvements occur in either methodology or
data base.

1-2. TM 5-858-4. Shock isolation sys-
tems.

!his ~olume describes methods for designing shock
Isolation systems that mitigate the shock and vibra
tion induced by a nuclear weapon attack. The volume
includes a review of shock isolation system designs
and presents shock and vibration tolerance data for
personnel and generic equipment.

1-1
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CHAPTER 2

SHOCK ISOLATION OBJECTIVES

2-1. Introduction.
a. Airblast and ground shock from a nuclear weap

ons attack can cause severe in-structure motion in
hardened facilities. Although the structure itself may
survive the attack, there may be unacceptable damage
to equipment and injury to personnel. Shock isolation
is needed to reduce the magnitude of motion transmit
ted to shock-sensitive equipment or personnel.

b. An overall objective of a shock isolation system
for protective structures is therefore to mitigate the
airblast and ground-shock effects induced by nuclear
weapons. Aboveground structures are subjected to the
direct effects of airblast as well as the movements of
the ground beneath and around the structure. Under
ground structures are subjected only to the effects of
ground shock. Cratering and debris impact are other
relevant environmental effects. These requirements
are summarized in table 2-1. See TM 5-858-1, table
3-1, for the complete list of facility objectives, includ
ing those for the structure and support systems.

c. To guide the shock isolation system design effort,
an explicit statement of objectives is needed early in
the design process. These objectives are developed and
implemented in the following steps:

(1) Identify the functions, equipment, and person
nel that are critical to mission success.

(2) Describe the facility environments at the loca
tions of critical equipment/personnel.

(3) Determine the equipment and personnel tol
erances to shock.

(4) Compare and evaluate the environments with
respect to equipment/personnel tolerances.

(5) For those equipmentslpersonnel needing pro
tection, design a shock isolation system that fully
meets the requirements and constraints imposed on
the system.

These steps serve to limit the shock isolation design ef
fort to functions that are important enough to need
protection. Then, of the important functions, those not
needing protection are identified and the necessary de
gree of protection for the remainder is indicated. This
provides a sound basis for proceeding with design.

d. The remainder of this chapter will briefly discuss
these five steps.

2-2. Identification of critical functions.
a. The nature of the prime mission will help identify

those functions critical to satisfactory mission per
formance. Typical prime-mission functions include re
ception and transmission of messages for command
and control, weapon-system storage and launch, and
data management and interpretation. Hardened facili
ties are also used for such non-prime-mission functions
as the storage of equipment, the stockpiling of materi
el, and the housing of personnel reserve troops.

b. Mission analyses will be conducted by the system
engineering group during concept formulation and
contract definition. These analyses will establish the
basic functional and technical requirements that will
guide system design. Later, the requirements may be
refined or modified by interaction between the design
and system-engineering groups and by direction from
outside authority. Functional analyses and require
ment allocations will also be performed by the system
engineering group. These analyses will specify critical
time periods and availability of time for repair or reset
and indicate the impact of changes in threat scenario.

c. The system engineering group will thus identify
each critical function and the system or subsystem
that must perform the function and will allocate per
formance requirements. Identification of specific
items of equipment and physical layout may require

Table 2-1. Shock Isolation Objectives

Applicability

Prime- Prime-
Mission Mission

Functional Requirement Materiel Personnel

Airblast To TR TR
Near-surface ground shock levels TR TR

Mitigate Deep underground ground shock tolerable TR TR
Ejecta/debris impact to TR TR

u.s. Army Corps of Engineers
TR = transattack

2-1
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tradeoff studies. Until these studies are completed,
some critical equipment will be identified only
generically by subsystem or function.

d. While the identification of critical functions will
be specific to each application, several general cata
gories can be identified. These general categories are
listed below:

-Power Supply
Power generation
Energy storage

-Power Distribution
-Heating, Ventilating, and Air Conditioning
-Life Support

Domestic water supply
Sewage disposal
Lighting
Air quality control

-Communications
Telephone
Telegraph
Radio

-Data Processing
Data acquisition and transmission
Data processing and storage

-Prime Mission Materiel
-Personnel

2-3. Description of facility environ
ments.

a. A shock flow path can be traced from the point of
burst, in a free-field environment, to the facility struc
ture and to the equipment and personnel inside the fa
cility. The characteristics of the shock change as it
moves along this path. There are complex interactions
between the facility stru¢ure and the media (air and
ground) transmitting the shock. There are further in
teractions within the structure itself, and between the
structure and equipment/personnel.

b. The facility response to nuclear weapon effects
produces the motions input to the equipment subsys
tems and personnel. The response varies at different
locations within the facility. These varied responses
are called the "facility environments." The facility en
vironments are described with the help of the facility
designer.

c. Most structures are very complex in their be
havior under dynamic loads. The facility environments
can be determined or specified in various ways, but
most will necessarily involve simplifying assumptions.
The choice of the method of analysis is often related to
the importance of the equipment item and its position
within the structure. For example, a critical item of
equipment, located in a position where its allowable
motions are restricted, would require a detailed assess
ment of input motions. In other cases, rougher ap
proximations may be sufficient.

2-2

d. The severity of a facility environment is usually
expressed by a response spectrum of the motion ex
pected to occur at a structure/equipment interface.
The response spectrum is the peak response of single
degree-of-freedom systems to dynamic inputs, usually
plotted as accelerations, velocities, or displacements,
all as functions of frequency. It is also referred to as
shock'spectrum and is discussed further in paragraph
3-7.

e. Other methods of measuring environmental
severity include a time history showing, for example,
acceleration at the structure/equipment interface as a
function of time, and a Fourier magnitude spectrum,
in which the magnitude of the Fourier transformation
of the input force time history is plotted as a function
of frequency (see para. 5-2).

2-4. Determination of equipment/per
sonnel tolerances.

a. As the shock environment is expressed in terms
of a response spectrum, it is appropriate to express the
shock tolerance of equipment in the same manner. A
shock tolerance spectrum, or fragility, of an equip
ment item is the spectrum of motions the item is ex
pected to survive or has survived. Like the input re
sponse spectrum, the tolerance spectrum is expressed
in terms of acceleration, velocity, or displacement, all
as a function of frequency.

b. Another means of expressing shock tolerance is
peak allowable acceleration. However, this measure
does not provide information on natural frequencies of
the equipment, which are important in shock isolation
system design. The preferred method of presenting
shock tolerance is, accordingly, the shock tolerance (or
fragility) spectrum.

c. Although shock fragility information may signifi
cantly affect shock isolation design decisions, such in
formation is not commonly available. There are many
uncertainties because of limited data and natural
variability of equipment. Shock-qualification data
available for the equipment used in existing weapons
systems are usually developed on a pass/fail basis.
Such data do not define true fragilities. For commer
cially available equipment (facility equipment) few fra
gility data are available. Fragility for this class of
equipment is commonly estimated from dynamic re
sponse analyses of simplified models or from a review
of commercial/industrial applications of similar equip
ment. In some instances, dynamic tests have been con
ducted.

d. Estimates of human shock tolerance are based
mainly on tests related to airborne and motor vehicle
environments. The effects on humans depend on mag
nitude, duration, frequency, and direction of the mo
tion, as well as body position at the time of the disturb
ance. Human shock tolerance is based on threshold



levels for discomfort, pain, loss of balance, and injury.
Analysis of accident injury data (not the result of test
ing) has provided additional means of defining upper
bound levels for serious injury/death.

2-5. Comparison of environments and
tolerances.

a. With descriptions of both the shock environment
and tolerance levels in spectrum form, the risk of
shock damage can be evaluated by straightforward
comparison. If the expected shock for the facility envi
ronment exceeds the shock tolerance of personnel, a
shock isolation system is required. If the shock input
exceeds the tolerance of equipment, the equipment can
either be made more rugged to increase its shock tol
erance or it can be shock isolated. There are practical
limits to how rugged equipment can be made, how
ever, and the cost of making equipment more rugged
may exceed that of a shock isolation system.

b. If the shock environment does not exceed the
shock tolerance of the equipment, the equipment can
be hard-mounted to the structure. This situation is il
lustrated in figure 2-1. The upper curve shows the
shock tolerance or fragility established by testing. The
lower curves show a best estimate and conservative es
timate for the shock environment. It is seen that even
the conservative estimate is well below the equipment
shock tolerance.

2-6. Shock ilOlatlon system de.lgn pro
cedures.

a. The four steps described determine the environ
ment and tolerances of critical equipment and person
nel and identify those elementS needing shock isola
tion. Shock isolation system design can then begin as
follows:

(1) Derive performance requirements for the
shock isolation system from the characteristics of the
anticipated shock environments and shock tolerances.

(2) Select the basic shock isolation configuration
on the basis of the performance characteristics of
generic configurations-pendulum, base mounted, and
hybrid.

(3) Assign isolation units: isolate by individual
item, by platform-mounting groups of items, or by sup
porting all the equipment on a major structure within
a protective shell.

(4) Select types of isolator elements and estimate
their preliminary sizing.

(5) Examine performance capability, based on
simple models of ideal isolator elements (massless
springs, pure dampers, single-degree-of-freedom ele
ments). Look for cost/performance tradeoffs, potential
performance optimization, and other factors such as
off-the-shelf availability.

(6) In the final design phase, assess performance
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using more complex models and analysis methods. Al
though assessment in some respects closely resembles
system verification activities described in TM
5-858-6, it is an essential part of the design process.

b. The following sections of this volume discuss the

2-4

general system design procedures in more detail, be
ginning with the description of facilities environ
ments. This assumes that critical functions have al
ready been identified; such identification is specific to
each application.
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CHAPTER 3

DESCRIPTION OF FACILITY ENVIRONMENTS

3-1. Introduction.
a. Facility environments depend on a chain of

events that begins with the primary shock environ
ment caused by nuclear detonation. The airblast and
ground shock making up the primary shock environ
ment differ in their relative contribution to the facility
environment, depending on the location of the struc
ture. In this chapter, the characteristics of airblast and
ground shock are described first to provide a basis for
understanding and describing facilities environments.

b. The airblast and ground shock interact with the
facilities structure, resulting in interior shock environ
ments. Structure analysts using approximate transfer
characteristics ascertain the environment transmitted
from the exterior structure surface to the interior. The
type of information passed to the shock isolation sys
tem designer is described briefly.

c. Within the facility, loads are transmitted from
structures to equipment and personnel. To determine
these loads, a series of ratios is useful to the shock iso
lation system designer. The ratios include dynamic
stiffness, impedance, dynamic mass, compliance, mo
bility, and inertance. Another type of useful ratio is
the transfer function. These ratios are defined and
their use in analysis is briefly reviewed.

d. Some actual protective structures are then
examined using the ratios defined, particularly the im
pedance function. Impedance data obtained using a
scale model are also presented.

e. Facilities environments are commonly measured
or estimated by means of a shock spectrum, which is a
plot of the maximum response to a given shock input.
The concept of shock spectrum is reviewed.

3-2. Primary shock environments.
a. Shock from a nuclear explosion may reach a

structure both from airblast overpressure and from
stress waves or shock signals through the ground. The
relative importance of airblast or ground shock de-

pends on the location of the structure with respect to
the ground surface. Structures are usually classified as
aboveground, flush, shallow buried, or deep buried.

b. Aboveground structures will be driven by free
field overpressure strongly altered by the profile of the
structure, including the effects of reflected shocks on
exposed surfaces. Ground motion plays an additive
role in determining the shock environment. Flush
structures will be driven by both the free-field over
pressure and airblast induced ground-shock signals.
The relative importance of these two loads will depend
on the size and shape of the structure and the proper
ties of surrounding soil. Shallow and deep-buried
structures will be affected only by ground-shock sig
nals-airblast induced for the former and crater- (or di
recto) induced for the latter. Table 3-1 indicates the
primary shock environment for each of these loca
tions.

3-3. Description of airblast and ground
shock.

a. Input from prior analyses. The shock isolation
system (SIS) designer is primarily concerned with the
shock environments at particular locations within a
protective structure. The description of these environ
ments depends on prior analyses of free-field effects,
structure-media interaction, and structural loading
discussed in TM 5-858-2 and TM 5-858-3. The SIS
designer, however, is better able to perform shock-iso
lation design if he is aware of some of the basic charac
teristics of airblast and ground-shock waves.

b. Relation between airblast and ground-shock
waves. The airblast overpressure and ground-shock
waves are illustrated in figure 3-1. The air-induced
ground wave consists of compression and shear waves.
If these waves trail the overpressure wave, the airblast
is superseismic. If one or both of the waves lead the
overpressure wave, the airblast is transseismic or sub
seismic. In this case, the leading wave is called an "out-

Table 3-1. Shock Environment for Different Structure Locations

Classification

Aboveground
Flush
Shallow Buried
Deep Buried

U.S. Army Corps of Engineers

OverpressurelStress Range

oto 10's psi
10's to 1000's psi
100's to 1000's psi

<100,000 psi

Primary Shock Environment

Airblast
Airblast and airblast-induced ground shock
Airblast-induced ground shock
Crater or direct-induced ground shock

3-1
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(5) Free-field overpressures are modified by struc
tural shape, including reflection surfaces and drag
forces. The total pressure acting on simple exposed
structures is:

where
R(t) = Reflected pressure, psi
CD = Drag coefficient

The form ofPt(t) is illustrated in figure 3-4. The maxi
mum amplitude of Pt(t) was obtained from reflection
factor data presented in Chapter 10 of TM 5-858-3
for various overpressure domains and angles of inci
dence of the blast on exposed surfaces of structures.

(6) Uncertainties: There are numerous sources of
uncertainty about airblast peak pressure and positive
phase duration (time during which the pressure is
greater than atmospheric). Such sources include, for
example, height of burst, miss distance, and weapon
yield. Uncertainties from the various sources are com
bined to provide uncertainty measures for overpres
sure, dynamic pressure, and total pressure as follows:

(a) For overpressure, if the high-frequency com
ponent of the pulse is of primary interest, uncertainty
is taken as that associated with peak overpressure; i.e.,
Qp =Qp ,as defined in TM 5-858-2. For the low-fre
quency c";;mponent, uncertainty is taken as that asso
ciated with overpressure impulse; i.e., Qp =Qj.

(b) For the high-frequency component of the dy
namic pressure,

QQ., = QQ.' and for the low-frequency compo
nent, QQ., =~.

(c) For total pressure, the square of the uncer
tainty is given by

Qp =_1_ P2Qr, + C~~QQ (3-4)
t Pf 0

Equation 3-4 is a time-dependent relationship. For
high-frequency systems, QPt is evaluated at a time
frame near the occurrence of peak overpressure or dy
namic pressure. For low-frequency systems, Qr,t is
evaluated over the entire duration of the pulse.

d. Characteristics ofground-shock signals.
(1) Ground-shock signals playa role in driving

structures at all depths. TM 5-858-2 defines ground
shock as airblast-induced if the structure is located in a
region less than 30 deg below the horizon and crater
induced if it is located below that angle.

(2) Speed of the airblast pulse varies directly with
the square root of the pressure. Therefore, near
ground zero the speed of the airblast pulse will exceed
that of the ground shock pulse, and the structure will
be in a superseismic region. As the distance of the
structure from ground zero increases, the structure
will be in a transeismic and then in a subseismic re
gion. In these cases an outrunning ground shock will
hit the structure before the airblast pulse. TM
5-858-2 takes these factors into account in presenting
ground-shock characteristics as a function of range to
ground zero, site geology, and depth of structure.

(3) The amplitudes of free-field acceleration,
velocity, and displacement for soil and rock sites are

(3-1)

(3-2)

(3-3)

= Peak overpressure, psi
= Constants (see Brode,

1964)
= Positive phase duration of

overpressure, sec
= Time,sec

= Peak dynamic pressure, psi
= Constants (Brode, 1964)
= Positive phase duration of dynam

ic pressure, sec
= Time, sec

t

t

Pt(t) = R(t) + P(t) + CDQo(t)

runner." The crater- (or direct-) induced wave is com
pletely underground.

c. Characteristics ofairblast pulses.
(1) Typical overpressure pulses are shown in fig

ure 3-2. These pulses pertain to exposed surfaces of
flush structures. Note that the abscissa represents
time, with the distance from burst fixed. A method of
treating the important uncertainties associated with
these measurements is given in TM 5-858-2.

(2) The frequency content of the airblast waves
shown in figure 3-2 is important to the SIS designer,
as it will strongly influence shock isolation design. The
frequency content of the waves, modified by the veloc
ity of the waves as they engulf a structure, constitutes
the frequency amplitude forcing function that drives
the structure. These frequency-amplitudes are either
magnified or attenuated by the frequency selective
characteristics of the protective structure as the waves
are transmitted internally to mounting locations of
sensitive equipment.

(3) The frequency content of the waves can be de
termined by Fourier analysis. Ideally, free-field over
pressure is described by the equation

tP(t) = Pso(ae-at + be-lit + ce-,t) (1 - --)
Ditwhere

Pso
a,b,c,a,f3,Y

A Fourier transformation can be performed on this
equation. Using values of the constants appropriate to
the 7.5 psi and 750 psi curves of figure 3-2 yields the
frequency content of these two curves, shown in figure
3-3. Note the higher frequency content of the shorter
duration, higher-pressure blast wave.

(4) In addition to overpressure, dynamic pressure
contributes to structural loading. Dynamic pressure
arises from the mass flow of air (wind) behind the air
blast front. The ideal dynamic pressure is given by:

tQo(t) = Q.(de-6t + fe-ttl (1 - -)
D;

where
Q.
d,f,d,+
D;
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U.S. Army Corps of Engineers

Table 3-2. Sources ofApplicable Shock Environment
Data-Continued

=Dynamic Mass

= Inertance

= Mobility

= Impedance
Force

Acceleration

Velocity

Velocity
Force

Force

k=

3-5. Transmission of structural loads to
equipmentIpersonnel.

a. The ratios of various quantities are fundamental
to the analysis and design of shock isolation systems.
For a simple static system, a well-known ratio is the
spring stiffness constant, k, given by

Static force
Static displacement

For dynamic systems that are the subject of shock iso
lation analyses, this ratio becomes dynamic stiffness.
Dynamic stiffness and other analogous ratios are basic
tools for the shock isolation designer.

b. Dynamic systems by definition involve velocity
and acceleration, in addition to displacement. Using
dynamic force together with displacement, velocity,
and acceleration, six related ratios may be defined that
are helpful in characterizing dynamic systems:

Force =Dynamic Stiffness
Displacement

Displacement =Compliance
Force

Associated U.S. Government Laboratories/Agencies
U.S. Air Force Weapons Laboratory; U.S. Army Waterways Ex
periment Station; U.S. Navy Civil Engineering Laboratory; U.s.
Army Corps of Engineers, Omaha District; U.s. Army Corps of
Engineers, Huntsville

Field Tests
1. HEST tests, Minuteman System
2. High Explosive Events; Distant Plain, Prairie Flat. DIAL

PACK, Dice Throw. Mixed Company. Middlegust (see test di
rector's report for applicable experiments)

3. Impedance tests, Safeguard System

Acceleration
Force

In these ratios, the force is the input force on a struc
ture and displacement, velocity, and acceleration are
measured at the same point or other points of interest
in the structure.

c. Another important series of ratios is defined by
the ratio of output force to input force or of output mo
tion to input motion, where "motion" may be displace
ment, velocity, or acceleration. "Input" refers to one
part of a structure, where the force is applied, and
"output" to another part of the structure. Such a ratio

Protective Systems
Minuteman, Minuteman Upgrade, MX System, Safeguard Sys
tem, Titan System, NORAD System, Sanguine

Controlling Organization
U.S. Air Force Space and Missile Systems Organization; U.S.
Army Ballistic Missile Division; North American Defense Com
mand, Defense Communications Agency. Defense Nuclear
Agency, U.S. Navy.

presented in chapters 8 and 9 of TM 5-858-2, to
gether with their associated uncertainty bounds. Also,
pulse shapes for soil and rock sites are presented as a
function of range and depth in TM 5-858-2. Those
data will not be reproduced here.

3-4. Definition of interior shock environ
ments.

a. Free-field environments composed of airblast (on
exposed structures) and ground shock interact with
the structure, generating a loading profile specific to
the structure and the characteristics of the ground me
dia. For exposed structures, complicated airblast load
ing and drag result from transient aerodynamic en
gulfment. These interactive loads are transmitted
through the protective structure and undergo frequen
cy-selective amplification and attenuation because of
the dynamic properties of the structure.

b. In the very early phases of system design, approx
imate transfer function characteristics can be used to
ascertain the environment transmitted from the ex
terior structure surface to the mounting points of iso
lated or nonisolated equipment. The results of these
analyses using approximate transfer characteristics
are given to the shock isolation designer by the struc
tural designer as an important input to his design ef
fort.

c. Two methods are used to determine the approxi
mate transfer characteristics. The standard procedure
is to use numerical methods involving the computer
programs and finite element codes described in TM
5-858-3.

d. The second method for determining transfer
characteristics is to review other protective structures
and their associated shock environments for applica
tion to the particular system. Scaling and extrapola
tion of environmental predictions, scale model tests,
and field test data from other systems can be useful
for initial approximations. Existing protective struc
tures have limited geometric configurations in the
form of cylinders, arches, and box shapes. These
shapes often permit reasonable scaling due to their
similarities to the shapes of new systems under analy
sis.

e. Table 3-2 lists systems, tests, and organizations
that may be reviewed for possible applicable shock en
vironment information. A considerable amount of data
from some of these sources is presented in appendix A.

Table 3-2. Sources ofApplicable Shock Environment Data

3-7
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is called a "transfer function." The utility of this func
tion is that if the base of a linear structure is put into
motion by a blast or earthquake, multiplying this base
motion by the transfer function produces the motion
at another part of the structure.

d. Symbolically, the transfer function is defined by

=
Fin Xin }ein Kin

where F is force, X is displacement, and each dot repre
sents differentiation with respect to time. The reason
these ratios are equal is that these ratios are in the fre
quency domain

X =(2rrf)X =wX

X=(2rrf)2 X =olX =wX

where f is frequency in Hertz and w is circular frequen
cy in radians per second. When the input and output
quantities are divided to form the transfer function,
the w's cancel.

e. The impedance-type ratios are ratios of unlike
quantities and have dimensions, whereas the transfer
function is dimensionless. Depending on the type of in
put, the designer will choose either an impedance-type
ratio or a transfer function to perform his analysis.
Generally, the designer will be concerned with output
motion (not force) at some point in a structure. If the
input is a motion, he can use a transfer function. If the
input is a force, he can use an impedance-type func
tion. Force ratios are equivalent to motion taken over
the same structural path but in the opposite direction.

{. The various ratios are difficult to evaluate if force
and motion are expressed as functions of time. They
are relatively easy to evaluate, however, if they are ex
pressed as functions of frequency. For this purpose a
Fourier transformation can be performed, converting
a time history of, say, a force into two functions of fre
quency, one a magnitude and the other a phase.

g. The use of an impedance-type function can be il
lustrated as follows: Suppose an input force time his
tory, F(t), and an output acceleration time history,
)((t), at some internal point of the structure are availa
ble to the analyst, perhaps from a test. A Fourier
transformation is performed on each of these time
functions to obtain magnitude and phase functions for
each, i.e., W(jw)1 and ~(jw) for force, and !X(jw)1 and
8(jw) for acceleration. The inertance can now be calcu
lated as having magnitude and phase of

X(~w) and ~(jw) - 8(jw)
F(Jw)

Now an input force of interest, F(t), is postulated (per
haps estimated from a nuclear blast). To determine the
output acceleration produced by this force, a Fourier
transformation is performed to obtain W(jw)1 and
lIJ(jw). Multiplication of IF(jw)1 by the inertance gives

3-8

IKmt(jw)1 and addition of the phases gives the phase, 1p

+ ~ -.~. An inverse Fourier transformation now pro
duces Xout(t), the desired output time history of accel
eration at the location of interest.

h. The same procedure is used for a transfer func
tion. An input acceleration time history, say, is
Fourier-transformed to obtain magnitude and phase as
a function of frequency. These are combined with the
transfer function in a manner similar to that per
formed with inertance in the preceding paragraph.
The result is the output acceleration magnitude magni
tude and phase. An inverse Fourier transformation
now produces the desired output acceleration time his
tory.

3-6. Measured impedances and use of
models.

a. Examples of measured impedances for a number
of protective structures are presented in figures 3-5
through 3-17. These illustrate the magnitude of mo
tions that may be transmitted in a structure and also
show the frequency-selective nature of the transfer
functions. Protective structures include the foll~g
and are ranked in order of highest to lowest im
pedance:

-Minuteman Silo (flush buried)
-Perimeter Acquisition Radar Building, Safe-

guard System 'In-scale model structure (above
ground)

-Aircraft Protective Hangarette (soil-covered
arch)

-Electrical Distribution Center, Safeguard Sys
tem (flush buried)

-Sprint Silo, Safeguard System (flush buried)
-Box structure, thick wall, WES Experimental

(buried)
-Box structure, thin wall, WES Experimental

(buried)
An example of each of the first five protective struc
ture types listed above is illustrated in figures 3-5,
3-7, 3-10, 3-12, and 3-14, respectively. Generally,
the figures indicate the location of applied force, out
put motion, and impedance path. Figures 3-6, 3-8,
3-9, 3-11, 3-13, and 3-15 through 3-21 reflect the
measured impedance for the structure types as a func
tion of frequency.

b. Impedance functions in the examples can be gen
erally characterized by alternating resonances and
antiresonances over the frequency spectrum. For ex
ample, in figure 3-6 and similar figures where impe
dance is plotted, the bottom points are resonances, and
the upper points (spikes) are antiresonances. In figures
3-11 and 3-13, where inertance is plotted, the reverse
is true and the spikes are resonances. Bounds for reso
nance and antiresonance for the example systems are
given in table 3-3. This table also presents other sum-



TM 5-151-4

ISOLATED FLOOR

u.s. Army Corps of Engineers

Figure 3-5. Minuteman System, Transfer Impedance Measurement from Center ofSilo Cover to Isolator Attachment Location

mary information from the examples. The numbers in
the table indicate the uniqueness of the structures.
Most cases of practical interest will be in the range of
values found in the table.
where f if frequency and X is displacement. Accelera
tion is given by

X= 2nfV = 200n )( 10-3 =0.63 in.lsec2

Similar motion determinations can be carried out for
all other frequencies (and the associated magnitudes)
that may be contained in the external loading airblast
or ground shock (fig. 3-3).

e. Figure 3-15(b) illustrates an impulse function.
Impulse is defined as acceleration (or velocity) divided
by force as a function of time. Mathematically, it is ob
tained by performing an inverse Fourier transforma
tion on the impedance function. In general, the more
spread out (into higher frequencies) the impedance
function, the shorter the impulse function, and vice
versa.

f. If a protective facility has a configuration some
what similar to any of the examples, the system func
tion can be scaled for an initial estimate. Alternative
ly, a scale model can be constructed. The measured im-

pedances and transfer functions taken from the model
can be scaled to prototype dimensions.

g. Figures 3-18 and 3-19 present data obtained
both by scaling up from a ~lZ-scale model test and by
scaling up impedance measurements on the model.
Figure 3-18(a) shows the scaled DIAL PACK model re
sponse, measured by direct acceleration records during
a 500-ton TNT explosive test. Figure 3-18(b) shows
the scaled response, as predicted from impedance
measurements on the model combined with the air
blast characteristics. Figure 3-18(c) is the same type
of calculation as in (b),

c. Figures 3-7, 3-8, and 3-9 illustrate impedance
measurements for both a model and a prototype Safe
guard Perimeter Acquisition Radar Building. The (a)
and (b) plots for each figure illustrate the concept of re
ciprocity: the drive point and measurement point are
interchanged and the impedance plots compared. If
the system is linear, these plots will be the same. Note
that lines of constant stiffness (force/displacement)
and constant mass (force/acceleration) are drawn on
the charts. These lines are sometimes helpful in inter
preting and comparing charts.

3-9
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Figure 3-7. Perimeter Acquisition RadarBuilding (PARE) Safeguard System (Safford et. ai, 1977)

tern is represented as a mathematical model for calcu
lation of the shock spectrum.

b. If a time history is recorded for the response of
each single-degree-of-freedom system, a maximum will
be obtained for each system. A shock spectrum is a
plot of the maximum responses of the set of single-de
gree-of-freedom systems to the given shock input, as
shown in figure 3-20(c).

c. A common means of presenting a shock spectrum
is by means of a four-eoordinate logarithmic graph
such as shown in figure 3-21. Lines of constant maxi
mum relative displacement and acceleration plot as
straight lines with slope + 1 and -1, respectively. The
plot in the figure shows that, for example, if the maxi
mum acceleration is to be 3 g, the frequency of the
shock isolation system should be 3.2 Hz and a maxi
mum relative displacement of 2.8 in. will occur
(Ruzicka, 1967).

d. As a measurement tool, the shock spectrum has
certain limitations that should be recognized. Differ
ent time histories of shock excitation can give approxi
mately the same shock spectra. Therefore, to design ef
fectively, the shock isolation system designer needs
some information on time history in addition to the
shock spectrum. When used in conjunction with such
time history information, shock spectra can be useful
tools.

= 1.6 X 10-6 in.
10"-3

2n(100)

= 10-3 in.lsecV=

where F is force and V is velocity. For a 5OO-lb force,

500

d. A single-frequency interpretation of the data in
figure 3-6 can be illustrated as follows:

At 100 Hz, impedance is approximately

.!.. =5 X 105 lb-sec/in
V

5 X 105

For displacement,

Vx= - =
2nf

except the impedance measurements were made on a
full-size prototype, and the airblast was scaled up ac
cordingly. Figure 3-19 is a plot of the three cor
responding Fourier magnitudes ofacceleration.

3-7. Description of shock spectrum.
a. Figure 3-20(a) shows an input shock excitation

driving a base to which a series of single-degree-of
freedom systems (for example, reed gages) are at
tached. Each single-degree-of-freedom system is
"tuned" to a different frequency. The response can be
measured as displacement, velocity, or acceleration
relative to the base. Figure 3-2O(b) shows how the sys-
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Figure 3-12. Sprint Launch Cell, Safeguard System (AA, 1978)
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Figure 3-14. Hangarette/Aircraft Shelter Used in Mixed Company Event (500· ton TNT test) and for Impedance Measurements (AA, 1977)
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~ TABLE 3-3. ENVELOPE OF RESONANCE AND ANTIRESONANCE IMPEDANCE MEASUREMENT
OF PROTECTIVE STRUCTURES

Impedance
Bounds

;
u
A-
u

t

Structure

~Ii lIutcman Silo

launch E,\uipillent 1I00m

Pcrllllct"r ACljuisition Iladar

Ilnilding (PARD) SAFEGUARD

Aircraft Protective

Ilangare!. te

ElectrIcal Distribution

Ccnter--SAFE~~Rn

Anti
Resonance Resonance

(lb-sec/in. )

105 106

40 Hz to 5000 Hz

4 x 104 4 x 105

5 Hz to 500 Hz

2 x 104 3 x 106

4 Hz to 300 Hz

10
3

10
4

12 Hz to 500 Hz

Size
Cft)

X 30'-dia.

x 3D' deep

125' X 194' x 210'

17.5' nrch radius

T' earth cover

19' X 49' x 26'

Construction
Material

Reinforced

concrete

Reinforced

concrete

Reinforced

concrete arch

Reinforced

concrete

Siting

Flush to

ground

Above ground

Earth covered

arch

Flush to

ground

~tea sureRlcn t

Cover I:enter to

isolator attach.

Roof center to

top floor (5th)

Center of arl:h to

earth surface

Roof center to

floor center

Sprint Silo, SAI'EGLJARl> 103 IDS

IS Hz to 50" Hz

9':dia., 31' deep,

wall 0.04'

Steel Flush to

ground

S110 Willi to

missile support

Oox Structure, Thick Wall

Expcrilllental

Box Structure, Thin Wall

Experimental

3 x 10,3 5 x 105

40 Hz to 1000 Hz

6 x 103 1.5 x 105

40 Hz to 1000 Hz

3 x 102 2 x 104

40 Hz to 1000 Hz

1.5 x 10
3

104

40 Hz to 1000 Hz

16' x 4' X 4'

wall 1.1'

16' X 4' Jr. 4'

wall 0.5'

Reinforced

concrete

lIeinfol'ced

concrete

Aboveground

Fully buried

Aboveground

Fully buried

Inside wa 11 to

outside wall

Inside wa 11 to

out side wa 11

Inside wa II to

outside wall

40 Hz to 3000 Hz

I'crimct..,r Acquisition Iladar

Building (1/12 Scale Model)

2 x 102 2 x 104 10.4' X 16' x 17.5'

wall 0.25'

Ileinforced

concrete

Aboveground Roof center to

top floor (5th)

U.S. Army Corps of Eng1neers
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CHAPTER 4

EQUIPMENT FRAGILITY AND PERSONNEL TOLERANCES

4-1. Introduction.
a. Equipment that is inherently rugged enough to

withstand the expected input shock motion can be
hard mounted to the structure. All other equipment
items, and perhaps personnel, will require shock isola
tion to reduce the shock input to a level the equip
ment/personnel can withstand. This chapter discusses
how to determine, through measuring or estimating
fragilities and tolerances, whether equipment and per
sonnel can be expected to survive the anticipated facil
ity environments. This information is also useful in de
termining the degree of shock isolation that may be re
quired.

b. Standard methods for determining fragility are
discussed and standard definitions are provided for
fragility and fragility level, failure, malfunction, and
damage. Also, three versions of fragility are de
fined: actual, acceptable, and modeled.

c. Fragility is a function of the dynamic character of
the environment. Sensitivity of fragility to various en
vironmental parameters such as application time is of
obvious importance in evaluation. Parameter sensitivi
ties of this nature are considered; those in particular
are waveform simulation, transmission direction, level
of assembly tested (part and subassembly), and low-cy
de fatigue. Also important in evaluation is an aware
ness of the uncertainties in the environment and
equipment. Some of the uncertainties are pointed out.

d. Depending on the stage of development, the type
of information needed, and other constraints, differ
ent kinds of tests are used that relate to fragility esti
mation. These tests include diagnostic, fragility, qual
ification, production, and standard simulation tests.
The purpose of these tests and how they may affect
fragility estimates are described. Of particular impor
tance are standard simulation tests, including shock
tests, transient tests, and vibration tests. Such tests
are considered in some detail.

e. It is not always possible to estimate fragility from
tests. Perhaps the schedule does not allow time or ap
propriate test facilities are not available. In this case,
fragility can often be estimated by comparing the
equipment to another of similar construction for
which fragility data are available. Some different
weapon system equipments and commercial equip
ments are described for this purpose.

f. Personnel tolerance data are relatively scarce.
However, some relevant data and estimates are pre
sented. These data provide information on personnel

tolerance to impact, on the effect of body position on
tolerance, and the conditions under which injuries are
most likely to occur. Additional information may be
obtained on personnel tolerance and injuries from the
U.S. Department of Transportation (National High
way Transportation and Safety Administration, the
Federal Aviation Authority, and the National Trans
portation Safety Board) and from the U.S. Air Force
Institute of Aerospace Medicine at Dayton, Ohio.

4-2. Determining fragility and tolerance
levels.

a. Determining fragility and tolerance levels is of
ten costly, difficult, and subject to uncertainty. The
fragility levels of equipment items are usually estimat
ed using one or more of several methods. The standard
method of estimating fragility is through actual tests.
However, this method may involve repeated testing
under increasingly severe shock loading; variations in
frequency content, waveform shapes, and duration of
load; and changes in the direction in which loads are
applied. Because of the time and expense involved in
such procedures and the limited class of environments
that make up the shock hazards for hardened facilities,
such tests are seldom used to attempt a complete fra
gility evaluation. Nevertheless, tests will be discussed
in some detail in this chapter, due to their fundamen
tal importance in establishing and checking fragility
levels.

b. Another method of estimating equipment fragil
ity is by means of measurements and test results from
other representative equipment and environments.
The shock isolation designer should make use of this
kind of data where possible. A large amount of fragil
ity data for a variety of equipments has been collected
in appendix A for this purpose. (A procedure for apply
ing equipment fragility data to the evaluation of
shock-isolation requirements is discussed in Brad
shaw-Sonnenburg, 1979.)

c. For some items, the fragility level can be estimat
ed analytically. This approach usually consists of con
structing a mathematical model of the item made up of
mass, spring, and damper elements. The model is ex
amined with representative shock input motions and
fragility levels are established from the calculated re
sults.

d. Fragility determinations should take into ac
count different categories of equipment. Prime mis
sion equipment is normally of a special nature and is
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developed specifically to meet the requirements of the
mission. Shock requirements are normally specified
under these conditions and test demonstrations and
stipulated. Facility support equipment, i.e., the bulk of
protected subsystems equipment, is frequently avail
able as off-the-shelf commercial equipment. Mission
critical commercial equipment must also be subjected
to the facility shock environments and to environmen
tal test verification similar to those on the specially
designated prime mission equipment. Noncritical
equipment needs only to structurally survive, or at the
least not to interfere with mission operation due to
structural or functional failure.

e. Knowledge of fragility or hardness levels permits
an assessment of an elementary component's or com
plete system's vulnerability or probability of survival.
Such assessments are made with respect to the ex
pected dynamic environment. Fragility or hardness de
terminations also provide the following:

-ConfIrmation of system/component "weak
links" early in the design cycle

-Identification of unanticipated weak links
-Guidelines for upgrading fragility level
-Minimization of need for redesign, replacement,

and repair late in the development cycle or even
later in field usage

f. EstiIllates of personnel tolerance to shock and vi
bration are based on a variety of tests and on accident
summaries. However, experimental and analytical
data regarding human shock tolerance are quite lim
ited. Some of the more pertinent data, ranging from
brief impacts to long-time accelerations, are summar
ized in the fInal section of this chapter.

4-3. Fragility Definitions.
a. IEEE Standard 344-1975 (IEEE, 1975) defined

fragility and fragility level as follows:
Fragility. Susceptibility of equipment to malfunc
tion as the result of structural or operationallimi
tations, or both.
Fragility level. The highest level of input excita
tion, expressed as a function of input frequency,
that an equipment can withstand and still per
form the required functions.

b. Fragility of systems/components is usually cate
gorized in terms of failure, malfunction, and damage.
These terms indicate that fragility is a more compre
hensive concept than initially expected: Its operation
al connotation extends the meaning well beyond struc
tural breakage. However, even these fragility catego
ries are subject to different interpretation in the dif
ferent technical fields involved. The categories are de
fined as follows (Rountree-Safford, 1970):

(1) Failure is defined as an irreversible environ
ment-induced inoperative condition, operation outside
of tolerances, or change in operational state.
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"Irreversible" refers to the system/component remain
ing inoperative, out of tolerance, or in changed opera
tional state after the environment is removed.

(2) Malfunction also represents an environment
induced inoperative condition, out-of-tolerance opera
tion, or change in operational state. However, the
process is reversible, i.e., the system/component re
turns to satisfactory operation upon removal of the en
vironment.

(3) Damage has multiple meanings. It may be con
sidered a mild form of failure (i.e., irreversible but bor
derline operation). It also represents permanent de
gradation in performance, reduction in hardness, or
limitation of survivability. Damage also applies to sys
tem/component attributes that are unrelated to per
formance (e.g., deformation of missile support result
ing in tilted but unimpaired launch).

c. At least three versions of fragility arise in prac
tice. Which of these is pertinent depends on the stage
of the design cycle or the state of knowledge of the sys
tem/component dynamic behavior. The three fragility
versions are as follows:

(1) Actual fragility. Actual fragility is defined as
the dynamic environment magnitude and its variation
with frequency and time that is just suffIcient to cause
failure, malfunction, or damage (Safford-Inouye,
1957). Below this limit is the hardness region where
systems/components are hard to the environment. Fig
ure 4-1 (Himelblau et aI., 1957) illustrates this concept
in the form of a typical three-dimensional surface with
uncertainty bands. The reduction in hardness along
the time axis of figure 4-1 is characteristic of fatigue.
Such a fragility usually falls in the failure or damage
category. Malfunctions are normally not long-term
duration dependent. They are sensitive to short-term
pulse rise time and system/component critical period
relationships. When fragility is independent of time, a
two-dimensional plot of magnitude and frequency is
appropriate, such as illustrated in figure 4-2 (Brust,
1961). This figure shows the actual fragility curves for
each orthogonal axis of a motor-driven resolver.

(2) Acceptable Fragility. If a specification states
that a system/component must pass a given test to be
qualified, the conditions of this test define the accepta
ble fragility surface. Parameters to designate accepta
ble fragility surfaces vary. One abscissa of the magni
tude-frequency-time surface is often left to interpreta
tion by rescribing a magnitude-time history. Alterna
tively, shock spectra together with a required number
of repetitions are often specified (Favour-LeBrun,
1969). The ordinates of the acceptable fragility surface
can at best be equal to or less than the ordinates of the
actual fragility surface. This relationship is shown in
figure 4-3 (Himelblau et aI., 1957). Unless the actual
fragility is determined, it will not be known if the dif
ference between the two surfaces is large or small.
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Thus, the acceptable fragility surface establishes a
specified minimum and nothing more.

(3) Modeled fragility. Early in the design cycle,
the system operations analyst usually attempt to make
a best estimate of the system/component vulnerability
or ability to survive a dynanuc environment. Tradeoffs
are required between using new system/components,
upgrading off-the-shelf versions, or protecting off-the
shelf versions to a higher degree. At this stage of the

design cycle, prototypes are not available so the ana
lyst must rely on mathematical or empirically derived
models to estimate fragility. This is referred to as mod
eled fragility.

4-4. Parameter sensitivities in fragility
evaluation.

a. General. Fragility evaluation requires that the
sensitivities of various parameters be considered. eri-
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teria for what constitutes failure, malfunction, or
damage are determined from the operating function of
the system/component under evaluation. Neverthe
less, it must be recognized that, in general, fragility or
hardness is a function of the dynamic character of the
environment. Obviously, a constant 1 g application
will have a different effect from 1 g for 1 msec or 1 g
slow sine wave sweep applied at a set frequency. Direc
tional sensitivity is another variable to be strongly
considered. For example, in figure 4-2, note that ex
cept for the regions 17 to 60 Hz and above 1100 Hz,
the vertical axis has the lowest and therefore the con
trolling fragility level.

b. Specification of environment.
(1) Since actual fragility is dependent on dynamic

environment, it would be desirable to use the exact en·
vironment pertaining to system/component applica
tion in the evaluation. But this requirement is clearly
impractical. Either the exact environment is unknown
or it cannot be accurately simulated in the fragility
evaluation, or both. Furthermore, "exact" is a mis
nomer, since the intended application is generally in a
statistically described environment.

(2) Experience and engineering judgment are of·
ten used to bridge the uncertainties between simulated
and realistic environments. The need for an exact
specification of environment is reduced by the ex
istence of standardized test specifications. Also, in
stead of an exact specification of dynamic environ
ment, general categories of environment are used. Ex
amples of such categories of environment are shock,
transients, and vibrations. These categories recognize
the effects of various loadings on system/components.

c. Waveform simulation. Transient shock environ
ments transmitted by nuclear protective structures to
weapon systems or equipment-mounting locations are
characterized by an amplitude-wave shape, time dura
tion, and multifrequency content. The transient mo
tion at any point in the structure is a time-varying vec
tor in spherical space, which is normally represented
as motion-time histories in three orthogonal axes.
Fragility tests or environmental qualification tests
should at least approximate the generic wave forms ex
pected at the attachment or mounting locations of the
equipment or system (Rountree-Safford, 1970). If the
external input is impulsive in character, then simple
pulse shapes can be considered where amplitude, dura
tion, frequency content, and shape are controlled. For
the cases of random (shaped for the transmission
path), sine, or multifrequency inputs, constraints simi
lar to the above apply.

d. Transmission direction.
(1) Transmitted environments occur simultane

ously in all directions. The direction of test motion
should ideally be in all three principal axes simultane
ously. At the present time, biaxial test facilities are
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limited and triaxial facilities are just being introduced.
(2) If the equipment being tested can be shown to

respond independently in each of the three orthogonal
axes, a single-axis test is appropriate. The cross
coupling must be very low; otherwise, conservative
qualification test levels must be used. For evaluating
fragility, an uncertainty must be added to the normal
statistical vanation expected.

(3) Biaxial testing normally is performed using
the vertical and one horizontal axis, followed by a sec·
ond test using the vertical and the other horizontal
axis. Input motion is the predicted acceleration-time
histories (vertical and horizontal) for each axis, or the
prescribed qualification test environment.

e. Level of assembly: part/component, subassem
bly, assembly, subsystem, or system. A general rule for
test is the higher the level of assembly, the better for
fragility evaluation or qualification. Size and weight
normally dictate testing at the unit, subsystem, or as
sembly level consistent with test machine capacity. At
the lower assembly levels, special instrumentation to
monitor functional operation is often required. The lo
cal input threat environment must also be determined
if the test article is mounted on an equipment or op
erating unit.

/. Low cycle fatigue.
(1) Equipment and weapon systems housed in pro

tective structure are expected to withstand one or
more attacks where the shock and vibration loading is
of a transient nature with the loading duration not ex
ceeding a few seconds, and possibly only milliseconds.
Additionally, in-place equipment and weapon systems
may have an environmental shock and vibration test
history from qualification tests and quality control
production vibration tests. Low-cycle material fatigue
must be considered where the transmitted transient
environment induces high amplitude stresses. This is
especially required where equipment used for qual
ification tests and quality control production shock
and vibration tests will be subsequently installed in a
weapon system.

(2) Past histories of testing and operations on a
wide variety of equipment have demonstrated for the
most part that malfunctions of equipment and weapon
systems are not time dependent or at the most are de
pendent only in special cases.

(3) Cumulative damage theory may be applied to a
load-carrying structure of equi~mentwith reasonable
confidence (Fackler, 1972). The more conservative
Palmgren-Miner theory is described here. A damage
index D is defined as follows:

(4-1)
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or

(4) A relationship is postulated between response
stress levels and cycles to failure that can be expressed
as o'N = constant. Then if Omax is the stress level that
will cause failure after one cycle:

(4-2)

(4-3)
1

where
ni = Number of cycles actually occurring at

stress amplitude 0;

Nj = Number of cycles necessary to cause fail
ure in fatigue at constant stress ampli
tude 0;

The damage index D is a number having the value
0< D~ 1, and failure is considered to occur when D =
1.

Test data (Safford, 1974) may be introduced from the various test levels in the following example for one of three
axes. For item j

(4-4)1:.- Di =(~) a{l + 4(0.75)° +9(0.W + 15(0.375)" + 23(0.25)0}
3 Omax

200% 150% 100% 75% 50%
level level level level level
test test test test test

where 1,4,9, 15, and 23 are the numbers of cycles, respectively, at the levels shown. On the basis of extensive tests
with various types of equipment components (Safford, 1974), the slope parameter a is:::: 9.

(5) Evaluating the above equation with a =9 for one axis yields

1:.- Di =(~\ a [1 + 0.30 + 0.018 + 0.002 + 0.00009] (4-5)3 Omax 7 _

As a result of a fragility evaluation of the results of the
shock test program, it is estimated that the value of
the cumulative damage index D is ::::0.1. This results in

By comparing the relative contribution of the differ
ent test levels to the cumulative damage index, it is ob
vious that the 200 percent and 150 percent are the sig
nificant ones.

(6) The damage index for specimen (j) can be re
lated to the test level by

This value indicates that the test levels could have
been scaled upward by a factor of ::::1.5 times the maxi
mum or 200 percent test level before significant dam
age would have occurred.

(7) Consequently, based on the experimental re
sults of the shock test, it can be predicted that the
tested equipment (main frame structure) could have
withstood approximately 300 percent test levels be
fore suffering major damage. A representative sample
of specimen response is the histogram of peak re
sponses in figure 4-4. The maximum level of excita
tion was 200 percent for a rack-mounted communica
tion data set.

g. Stochastic effects and uncertainties. The evalua
tion of fragility must include consideration of some
stochastic effects and uncertainties. These include un-

C1max = 1.16 D-1I9

0 0

C1max :::: 1.50

(4-6)

(4-7)

certainties both as regards environment and equip
ment.

(1) Environment. The operational environment is
never known precisely, and its relation to the test envi
ronment is uncertain. Qualification tests may not be
representative of the expected input environment.
There may be cross-axes coupling due to a multiaxes
environment, which includes rotational inputs, al
though the equipment has been qualified by single
axis tests.

(2) Equipment quality control. Fragility tests on
identical units would be expected to reveal a statistical
distribution such as illustrated in figure 4-1. Qualifi
cation tests such as shown in figure 4-3 would exhibit
no failures or malfunctions if the test level were below
the statistical scatter of the unit's fragility. Qualifica
tion test levels that lie within the fragility scatter,
however, would require design modification for hard
ness upgrade. Implicit in the statistical scatter is the
requirement that the production process, including
material and purchased parts/components, is under
quality control.

(3) Test results. Tables 4-1 and 4-2 list examples
of defects found during qualification and fragility
tests on commercial telephone equipment. The 100
percent test level corresponded to the input level of
figure 4-10a and b. The 200 percent test level was
twice the amplitude of these figures (see also appendix
A-3). These data have applicability for isolated sys
tems in protective structures where the threat is of
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Figure 4-4. Communications Data Set, Histogram ofResponses (Safford, 1974)

comparable magnitude, frequency content, and dura
tion. Equipment structural characteristics may be ex
tracted from the above tests in the form of transmissi
bility, transfer functions, and modal characteristics of
shapes, frequencies, and damping.

4-5. r••ting.
a. General. Tests used. in shock isolation system de

sign include diagnostic, fragility and qualification, and
production tests.

b. Diagnostic tests.
(1) Diagnostic tests are useful in exploring the re

sponse characteristics of an equipment structure and
the functional operation of the equipment. The pri
mary purpose of diagnostic tests is the observation of
failures and malfunctions that may be related to ex
citation frequency, amplitude, test level, or impulse,
depending on the test employed. This permits identifi
cation of weak links and the rational hardening/up-

grade of equipment.
(2) The tests normally include input excitations in

the following forms, without attempting to simulate
eventual shock or vibration environments:

-Slow sine sweeps and resonance dwell
-Random vibration
-Rapid sine sweeps (chirp)
-Shock tests
-Sine beat tests

c. Fragility and qualification tests. Unlike diagnos
tic tests, fragility and qualification tests attempt to
simulate the environment, at least as to waveform. In
fragility tests, the test level is raised until failure or
malfunction occurs, establishing the fragility level of
the equipment. In qualification tests, a test level is se
lected that is based on the threat environment plus
safety factors to allow for uncertainties. If the equip
ment passes the test, this establishes a lower bound for
equipment fragility. The equipment is not tested to
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TABLE 4-1. QUALIFICATION (100 percent) LEVEL TEST SUMMARY (Safford.Tuttle, 1974)
(See figures 4-l0a and 4-l0b; also appendix A-2)

..

.!..

Fai lure/Malfunction/Degradation Test
Level

Operational Intensity, Correct i ve
Equi pment Effec t Mode Mechanism Cause Percent Act ion Results

Degrada t ion Fuse holder Low spring Design 100 Fuse panel Hardened to
(reduced capacity) fe 11 off tension on restrained 100%+

connectors
~------ f---- - 1---- -- --- -- -- -- --- --- f-- -- ---

IliA Power Equipment Voltmeter Panel restraints Hardened to
panel fe 11 Design 100 or latches 100%+
off Low

None f----- fr i ct ion ~-- ---- 1---- --,-1---- ---
Doors swing res tra in t Des ign 50 Door latches Hardened to
open 100%+

Inverter None None -- -- 100 -- Passed qual ification
level 100%

Battery Rack None None -- -- 100 -- Passed qualification
level 100%

Crypto None None -- -- 100 -- Passed qualification
level 100%

203/303 Passed qual ification
Data Equipment None None -- -- 100 -- level 10,0%

46A Deg rada t ion 4 kHz Low spring Design 50 Module restraint Ha rdened to
Multiplex Unit No. 1 (reduced capacity) Generator tension on brackets 100%+

module connec tor
disengaged

46A Degradation Intermi ttent Loose wi re Qua 1 i ty 100 Discovered and See f rag i 1i ty
Multiplex Unit No.2 {High error shorts control cor rec ted at test (Table 4-2)

counts in 200% test
data stream)

46C Mal funct ion Li ne input Low spring Qua Ii ty 50 Sp 1it end Hardened to
Terminal Equipment (error counts and un it. loose tension and cont ro I connectors 100%+

interruptions, jumper assy fr i c t i on I or sp ring force
1 kHz tone) connector design increased

jumper assy

46C Degradation One f ric t ion Isolator Qua Ii ty 100 Reassembled Passed
Dependent Terminal (minor effect on damper damper control damper qualification

isolator) fai led to guide pin level 100%
operate fell out

u.s. Army Corps of Engineers

...
I

t
f



t TABLE 4-2. FRAGILITY (200 percent) LEVEL TEST SUMMARY (Safford-Tuttle, 1974)
(Two times magnitude level of figures 4-l0a and 4-10b;
see also appendix A-2)

Failure/Malfunction/Degradation Test
Leve I

Operational Intensity, Correct Ive
Equipment Effect Mode Mechanism Cause Percent Action Resul ts

111.\ ;>ower Equipment Degradation Fuse holder Low spring Design 200 Fuse panel Hardened to
(reduced capacity) disengaged tension and restrained 200% +

friction of
connector

None 1/4" bol t Cumulative Test 150 Bol t replaced Passed trag iIi ty

Inv"rter
sheared fatigue dependent 1evel 200%--- --- --- - '---- - I---

Fa t1 ure Short Loose QuaIl ty 200 Capacitor Passed frag III ty
ci. rcul t bolt on cant ro I remounted I eve I 200%

capaci tor

Batte ry Rack • 200 vertical • Passed fragil ity

None None -- -- • 150 X- and -- level 200% vertical
V-ax is • Passed level 150%

horizontal axes

Crypto None None -- -- -- -- 200% level

2031303 Data Failure (data Power supply Weak Design X-axis Support Hardened to
Equl pment signals lost) fell out of mounting 200 and bracket 200% +

rack bracket V-axis installed
200

Fa i 1ure (data Plug-in Low spring Design 150 Re s t ra I n t ba rs Hardened to
signals lost) modules tension on added 200% +

46A Mul tiplex disconnected connector
Unit No. 1 ~ --- --- --- --- --- --- --- -

Degradation Relay contact Armature Design 150 None Passed fragility
(slight signal chatter dynamics level 200%
interrupt ion)

46A Multiplex Failure (data Fuse operated, Extraneous Quality 200 Removed loose Passed fragi I i ty
Unit No.2 signa I s los t lost power to loose Wire, cont ro 1 wi re level 200%

and 1 kHz tone capac i tor electrical
interruptions) bank short

46C Terminal None -- -- -- 200 See qua I i f i - Passed fragi Ii ty
Equ Ipmen t cation test level 200%

46c Depen den t None -- -- -- • 150% X and Vaxis
Repeater • 200% vertical axis

U.S. Army Corps of Engineers

...
~

~



failure. Because of cost and other factors, fragility
tests are often performed at the component level,
while qualification tests are generally performed at
the assembly or system level.

d. Production tests.
(1) After manufacture, production or quality con

trol tests may be performed to reveal weaknesses or
defects due to errors or excessive variability in manu
facture of the equipment. Production tests may be ap
plied to each equipment delivered or installed in a
weapons system. Type of tests, test levels, number of
tests, and their duration at the maximum should not
exceed the qualification or fragility levels of the proto
types and normally are at lesser levels sufficient to as
sure mission critical functions during and after an at
tack.

(2) Selection of quality controUproduction tests
may be somewhat arbitrary and may not necessarily
attempt to duplicate environmental simulation of a
qualification or fragility test. Vibration and shock ma
chines may be used at the place of manufacture, or
tests may be performed by a testing laboratory. Equip
ment shipped by common carrier is subjected to a vari
ety of vibration and shocks that can best be summa
rized in a statistical sense (NRL, 1955). Other types of
testing that are particularly adapted for large systems
or for use after installation in the protective structures
may be employed. These tests can include shock and
vibration tests applied directly to load-carrying ele
ments of the equipment.

4-6. Standard simulation testl.
a. General. The preferred method of determining

the fragility of a system is to test it with all compo
nents intact. A realistic dynamic environment is used
while operations or functional parameters are moni
tored. Unfortunately, a complete system is often not
available until late in the design cycle, or there may be
economical and technical limitations. Instead of the
preferred method, therefore, tests are usually con
ducted at a component level. Failure, malfunction, or
damage criteria pertaining to a system specification
must then be interpreted for each component. System
fragility requirements are allocated to components in
the form of a fragility budget. Correspondingly, sys
tem fragility must be estimated from component
fragilities. The accuracy of these estimates, both at the
component and system levels, is primarily limited by
testing constraints.

b. Testing constraints.
(1) Testing constraints apply to fragility determi

nation as well as to other testing (e.g., qualification).
The best test conditions must be determined by inter
pretation and experience, supported by analysis. Then
test results must be derated or enhanced for field ap
plications. As an aid in this task, force measurements
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should be obtained in addition to motion measure
ments at the test item/test fixture interface (Ballard,
1969; Painter-Parry, 1966). Such measurements are
neceRSary to adapt the fragility curves to the field in
stallation.

(2) Test specifications generally imply an unreal
istic "irresistible input motion" on the part of the text
fixture. The major testing constraints are:

-Restriction to single-axis testing
-Limitation of size or input of the test equip-

ment
-Lack of identification of the test fixture im

pedance
-Lack of repeatability (i.e., lab-to-lab or day-to

day)
-Unavailability of sufficient numbers of test

specimens
-Inaccessibility of operational or functional

measurements
-Inability to generate combined environments

Standard simulation tests often used for shock,
transient, and vibration environments are described
next.

c. Shock tests.
(1) Shock tests are a special case of a transient

function, described in the next subsection. Shock tests
are simple pulse tests. The most popular pulse shape
used to date is the terminal peak sawtooth pulse
(McWhirter et al., 1967), Other pulses may be selected,
such as the rectangular pulse that has recently had a
surge of interest (Goff-Pierce, 1969) in the packaging
field.

(2) Overall control of the frequency content of the
shock pulse is dictated by shock spectra. Any of the
pulses on the right in figure 4-5 may be selected for
the test, provided it generates the appropriate level
shock spectrum. Levels begin at a sufficiently low
value to be under the fragility level. The beginning
level is identified in the figure as level 1. The level is
subsequently increased to level N, which corresponds
to a failure, malfunction, or damage (Vigness, 1964;
Schell, 1964; Palmisano-Kaplan, 1966; and Jacobsen
Ayre, 1958).

(3) Both drop tower shock machines and large vi
bration shakers are usually employed for these types
of shock tests. The carriage of the drop shock machine
is arrested in its fall by a lead or a lead-base pellet that
forms the pulse. Vibration machines are programmed
to produce the pulse waveform and are normally lim
ited to a maximum I-in. stroke. Other types of shock
machines have been developed and are classed, for ex
ample, as resilient rebound, nonresilient, hydraulic, or
compressed gas (Vigness, 1964). Specifications cover
ing shock tests are covered by Method 516 of
Mll..-STD-810 and the General Specification for Envi
ronmental Testing, Aeronautical and Associated

4-9
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Equipment, Mll..-E-5272.
(4) Damage boundaries (fragility) for equipment

have been developed using acceleration shock pulses as
input (Goff-Pierce, 1969). Variations of peak accelera
tion and pulse durations produces limiting velocity
changes to generate curves as shown in figure 4-6.
Frequency dependence is not evident in this proce
dure, although frequency spectrum levels may be de
rived by Fourier transformation of the pulses. In view
of the comments in Schell (1969), this procedure can
be considered approximate, being over or under con
servative. This over or under conservatism can be re
duced to a considerable extent by use of a terminal
peak sawtooth pulse form.

(5) An additional class of shock tests arises from
the U.S. Navy Requirements for Shipboard Machin
ery, Equipment, and Systems, ''High Impact Shock
Tests," MIL-S-901C. This test procedure is defined as
a rough approximation to battle damage environ
ments. Four classes of tests facilities are considered:

Shock-testing machine for lightweight equip
ment (to 400 lb), figure 4-7; Shock-testing machine for
medium-weight equipment (250 to 7,400 lb), figure
4-8; and two classes of Shock-testing of heavy equip
ment. The heavy equipment is mounted on floating
shock barges, where the forcing function is initiated

4-10

by underwater explosives. The nature of the motion in
duced on these shock barges is transient. The light
weight and medium-weight navy shock machines em
ploy an impacting (falling weight) hammer. The test
criterion for these machines is the response spectra of
the equipment. Input acceleration-time motions at the
equipment mounting points are shaped by the equip
ment input impedance, flxturing, motion-limit stops,
or in general, the impedance path between hammer
impact point and equipment. As such, the shock wave
form input is not in the simple form shown in figure
4-5.

(6) For the standard shock machines and for vari
ous loadings and modes of operation, shock spectra
have been reported that can be used to determine ac
celeration response capability. Figure 4-9 shows typi
cal shock spectra for several shock testing machines.
Additional information on U.S. Navy shock machines
is contained in NHA (1963) and Vigness (1961).

d. Transient tests.
(1) General

(a) While shock test inputs have durations in
milliseconds, transient tests have durations of up to
one or two seconds_ Acceleration-time history inputs
are synthesized from decaying sinusoids, by sine-beats,
and shaped random motion (IEEE, 1975; Safford,
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1974; and Yang-Saffell, 1972) as approximations of
transmitted waveforms and durations to match criter
ia shock spectra.

(b) Vibrations machines-electrohydraulics or
electrodynamic-are used for this type of test. The
generation of a time history to match a shock spec
trum is shown in figures 4-10a and 4-10b (Safford,
1974). The motion imparted to the test article is given
at 2 percent and 10 percent damping of the shock spec
tra. Ratio of the amplitudes of these two curves pro
vides information on the number of oscillations at
each frequency (Crum-Grant, 1970).

(2) Transient functions. Transient functions are
defined as amplitude time histories that are nonzero
over a specified time interval (Ballard et al., 1969; and
Morse, 1964). This usage of transient includes the
wide range of motions from the analytic pulse to the
onset of stationary processes. The significance of this
range is portrayed in figure 4-11, which is a graph of
amplification factor vs. quality factor (reciprocal of
two times the damping ratio) for a simple mechanical
oscillator. The graph illustrates three pertinent rela
tionships among shock, transients, and vibrations:

-Steady-state vibration has a slope of unity
-Shock has a slope of approximately zero
-Transients have slopes between the limits of unity

and zero
Figure 4-11 emphasizes the third relationship, i.e., a
wide variety of dynamic loadings fall into the tran
sient category. This category also accounts for the
number of cycles that occur at various frequencies in
the transient spectrum.

(3) Rapid sine sweep. One transient technique

consists of a rapid sine sweep over the freqency range
of interest. Predicted or measured shock spectra,
based on two different quality factors (normally Q = 5
and Q =25) are used to describe the environment. The
ratio of these two shock spectra (i.e., Q = 25/5 = 5)
governs the number of oscillations occuring at each
frequency. Sweep time over the frequency range is
also controlled by the number of oscillations at each
frequency and the bandwidth. Sweep time usually var
ies from l/2 sec to 3 sec duration. Sweeps are made both
up and down the frequency scale. Figure 4-12 illus
trates this type of transient test. Levels of the shock
spectrum for each quality factor are increased to the
point of fragility without changing the shock spectra
ratio. This test covers all frequencies of concern that
may be transmitted to the equipment, but in a sequen
tial manner. Sweep time allows controlled buildup of
resonances in the equipment under test. The relation
of rapid sine sweep to actual environment is not well
established, and it application implies conservatively
high test loads. This type of test was used on weapon
system equipment of the Minuteman, replacing the
terminal peak sawtooth pulse tests described in the
previous section.

(4) Sine beat and decaying sine tests. Sine beat
and decaying sine tests are comparable to rapid sine
sweeps in controlling the number of oscillations at
each test frequency and consequently the time of envi
ronmental exposure. As these tests are applied a single
frequency at a time, they may be viewed as diagnostic.
The amplitude and number of cycles are chosen to
match criteria or obtain fragility shock spectra. The re
lation of sine beat and decaying sine tests to actual en-

4-11
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Figure 4-8. Shock-Testing Machine for Medium- Weight Equipment (Navy, 1963)
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Figure 4-9. Typical Shock Spectra (Ballard et ai., 1969)

vironments is not established; their application im
plies conservatively high test levels. Figure 4-13 for
sine beat and figure 4-14 for decaying sine test illus
trate the input test wave for each test frequency
(IEEE, 1975).

(5) Multifrequency tests. Multifrequency tran
sient tests are particularly apt for producing simulta
neous response from all modes of a multidegree-of
freedom equipment or system under test. Multiple-fre
quency testing provides a closer simulation to a threat
environment and minimizes the requirement to intro
duce a higher degree of test level conservatism. Three
types of tests may be considered:

-Predicted time history
-Random motion
-Complex wave
(a) A series of predicted time histories produced

by the threat environment at the mounting location of
equipment provides the best simulation for dynamic
loads. These inputs should range from the minimum or
lower uncertainty level to the maximum uncertainty
for qualification tests. Higher levels may also be em
ployed for fragility tests.

(b) Random motion tests may be used, particu
larly where predicted time histories are not available.
The random motion is generated separately for each

test and is shaped to an estimated criterion or test
shock spectrum with random time history duration ap
proximating the expected transient times. Test levels
range from minimum to maximum uncertainty levels.
For fragility, higher levels would be employed.

(c) An application of a random approximation is
shown in figures 4-15 and 4-16 (Safford, 1974). A re
mote communications repeater was enclosed by a shal
low-buried protective shelter. Free-field ground mo
tions induced by airblast loading of the ground surface
generated an air-induced portion and a late-time Ray
leigh wave motion, as shown in figure 4-16. Other
cases included an outruning wave. Analytic wave
forms of this type are subject to parameter variation to
match the shock spectrum criterion given in figure
4-15, but for the systematic region only, as also noted
in the figure. The region from 30 Hz to 1000 Hz in Fig
ure 4-15 is defined as the structure/media interaction
and represents the vibration induced by the ground
shock. Free-field coupling with the structure over the
entire time history is conservatively taken as unity. As
the transient vibration response of the protective
structure was only ascertained by the shock spectrum,
random motion for each test level was superimposed
on the air-induced portion of the free-field wave as giv
en in figure 4-16. The random motion was shaped by

4-14
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the time duration of the air-induced wave, the shock
spectrum levels, and frequency bandwidth. The time
history of figure 4-16 was programmed to drive a vi
bration shaker for tests of the communications repeat
er. Because of the structural response uncertainty, dif
ferent random motions were used for different test
levels and test axes.

(d) Complex wave tests are synthesized time his
tory motions to match shock spectra. The shock spec
tra are criteria or estimated environments for the
equipment and normally range from the lower to up
per uncertainty bounds for qualification, and higher
for fragility level testing. One method of generation is
by summing a group of decaying sinusoids. The fre
quencies of the component signals should be spaced at
one-third octave or narrower frequency intervals to
cover the the range of the specified shock spectrum.
The detailed procedure is covered in IEEE (1975). An
other method of generation is by summing a group of
sine beats fig. 4-13) to match the shock spectra (Yang
Saffell, 1972). A criterion shock spectrum is shown in
figure 4-17; a sine-beat synthesized waveform that
will match the shock spectrum is given in figure 4-18.

(6) Shock barge tests. Shock barge tests are cov
ered by U.S. Navy Specifications MIL-S-901 for a
floating shock-test platform for equipment weighing
up to 60,000 lb (fig. 4-19). Subsequent to the issue of
this specification, a large floating shock test platform
was developed and placed in operation (Schrader,
1974; Clements, 1974). This large test system handles
equipment up to 400,000 lb. Transient time histories
are dependent upon the mounting location on the
barge, equipment weight, explosive charge weight,
charge distance, charge depth, chargefbarge orienta
tion, and water depth. Typical velocity waveforms ob
tained from the barge tests are presented in figure
4-20 (Clements, 1974).

e. Vibration tests. Vibration tests are composed of
both sine and random tests. Both have variable magni
tudes as a function of frequency, and test times are in
hours or fractions thereof.

(1) Sine wave testing consists of slow sine sweeps
over the frequency bandwidth and includes resonance
dwells. Sine wave testing has been historically used for
qualification of aircraft equipment. The Air Force po
sition is that equipment passing the sine wave tests
has performed well in service operating environments.
This claim results from the very conservative nature of
the tests rather than their simulation of the environ
ment, which for jet aircraft and missiles is random.
Qualification tests using sine waves are covered by
Specifications MIL-E-5272 and MIL-STD-81O,
Method 514. Fragility tests using sine waves are illus
trated in figure 4-21, from which profiles of malfunc
tion are developed for equipment, as shown earlier in
figure 4-2.

4-18

(2) Random vibration tests were developed to
more closely approximate service environments en
countered by missiles and high performance jet air
craft. In most cases, random tests of equipment are
made to spectrum shapes specific to a missile, equip
ment location, and launch profile. General spectrum
shapes for qualification and fragility tests are given in
figure 4-22. The basic specification for random tests is
given in MIL-STD-810, Method 514.

4-7. Dynamic performance history of
equipment.

a. General. In the event that test data are not avail
able for an item of equipment, or a unique type of
equipment is required, the design schedule may not al
low :sufficient time to obtain test data before the item
is chosen and the fragility design fixed. It is then nec
essary to estimate the fragility of the chosen equip
ment. The fragility can often be estimated by analysis
of the equipment design or by careful comparison with
other tested equipment having similar construction
features (e.g. BAS, 1979).

b. Equipment categories. There have been several
attempts to classify equipment in various categories
according to function and fragility. One example of
such a classification is found in NHA (1963) and is dis
played in table 4-3. Only the lowest vulnerability level
and equipment frequency are presented for each item
category in the table; the equipment used in a typical
facility will generally fall into one of these categories.
The values shown in the table will usually lead to con
servative shock isolation design requirements.

c. Weapon system equipment.
(1) Weapon system equipment and subsystems

are for the most part specifically designed, procured,
and tested to meet the threat criteria for a specific
weapon system or protective facility. Equipments that
have some common usage would have to be evaluated
for a new protective facility in terms of their past dy
namic test and qualification requirements. Additional
shock or transient testing mayor may not be required
for new applications, depending on what is learned
from examination of classified reports from the con
trolling Department of Defense agencies.

(2) Test data will usually be found in various gov
ernment and manufacturer's files. Occasionally, a test
report for a particular item is released through a gov
ernment publication. Useful information on shock
damage from battle conditions may be seen in chaper 2
of NAVSHIPS (1964). It may be noted in this refer
ence that for German "u" boats forced to surface from
depth charges in World War II, the cause was electri
cal equipment damage 44 percent of the time.

(3) Current and planned protective facilities are a
source of potentially useful equipment fragility infor-
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mation. Such protective facilities include the follow
ing:

-Titan
-Minuteman and Minuteman upgrade
-Safeguard (phased out)
-North American Defense (NORAD)
-Alternate National Military Command Center

(ANMCC)
-Sanguine
-MXsystem
-Naval vessels

These systems provide protection for equipment that
is hard mounted to the facility, individually shock iso
lated, and shock isolated in equipment groups on plat·
forms. A common threat characteristic of the systems
is transient shock loadings transmitted by the facili·

ties to the equipment and weapons. These threats vary
for each facility and may change (increase) due to
weapon improvements.

(4) Although very few summaries of equipment
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test data have been attempted because of the magni
tude of the effort required and the rapid obsolescence
of most equipment, summaries of test results obtained
from a number of government agency reports are giv
en in appendix A. It is possible to refer to the reports
cited in the tables of the appendix for more accurate
descriptions of the equipment involved.

d. Commercial equipment,
(1) Commercial equipment is used in varying

amounts in protective structures (Safford, 1974; Dem
bo-Huang, 1969; and Boyd-Huang, 19-77). Except for
nonoperating transportation and handling (Dembo
Huang, 1969), commercial equipments are not de
signed to withstand dynamic transient shock loadings
to be expected in weapon-system protective enclo
sures. Some classes of new equipments such as electri
cal power and control apparatus are being designed to
meet earthquake seismic requirements (IEEE, 1975).
Earthquake and nuclear weapon effects of ground
shock and airblast are also being considered for new in
stallations of telephone equipment (Rempel, 1967).
Apparatus and equipment used aboard commercial
deep-water ships may also be considered to have some
degree of environmental hardness.

(2) The most serious problem in the application of
commercial equipment is the susceptibility of electri
cal, mechanical, and optical components and subsys
tems to transient shocks. Analytical modeling of these
devices is difficult and costly. However, in some cases,
practical solutions have been achieved by environmen
tal tests. Many component/part manufacturers pass
out shock and vibration data on their products.

(3) A great deal of hardness upgrade on commer
cial equipment may be accomplished by inspection and
from experience and judgment as to ob\,ious deficien
cies. A partial list of susceptible elements is given be
low:

-Relays
-Circuit breakers
-Equipment drawers (no blocks)
-Plug-ing modules (no blocks)
-Tape drive units
-Memory units and devices
-Computer peripheral equipment
-Cabling and wiring harnesses (poor and insuf-

ficient tie downs)
-Hook-up wires (inadequate vibration loops)
-Loose debris in equipment (electrical shock

caused by washers, screws, metal chips, wire
trimmings)

-Large circuit board connectors (unsupported)
-Large printed circuit boards (unsupported)
-Component mounting screws and bolts (not

properly torqued)
A number of references supplement the above listings
with more detail and discuss numerous aspects of

1M 5-858-4

hardening equipment: Fischer, (1976, 1977),
NAVSHIPS (1949, 1957), Navy, MIL-S-901, USAF
(1957), DOD MIL-STD-81O, Anonymous (1977),
ANSI (1964), and Hua (1977).

(4) Hydraulic surge by fluids such as fuel, water,
and temperature control systems through hydraulic
lines to equipment must also be considered for poten
tial damaging effects. Hydraulic surge applies to both
hard-mounted and shock-isolated equipment. A de
scription of hydraulic surge tests to fragility levels is
given in Eckblad-Hedrick (1970).

4-8. Personnel tolerances.
a. General. Estimates of the reaction of the human

body to structural motions resulting from a nuclear
detonation are based on a variety of tests and on acci
dent summaries. This broad range of information indi
cates that the effects on man depend on the magni
tude, duration, rise time, frequency, and direction of
motion, as well as body position and restraints. How
ever, both experimental and analytical data on which
to base human shock tolerances for existing under
ground protective structures were and still remain ex
tremely limited. Data have been collected during tests
ranging from long-lasting (1 to 3 sec duration) acceler
ation to very brief impacts resulting from falls or
drops. Some of the pertinent data is summarized in the
following paragraphs. In a few cases the data establish
injury thresholds, but more often they relate to volun
tary acceptance of pain.

b. Primary loadings.
(1) Most protective structures are designed to

withstand ground shocks of sufficient strength to re
quire shock protection for all personnel. Thus, the per
sonnel are exposed most frequently not to the complex
motion of the ground, but to the nearly sinusoidal
damped oscillation of the isolated platform or other
supporting device. Further, the basic design criteria
for many facilities specify that the personnel will be
assumed to receive no warning of attack and therefore
may be occupied by any of their normal functions at
the instant the shock occurs,

(2) Initial structural motions may be either up or
down, and are normally accompanied by a simultane
ous horizontal motion. In table 4-4 the maximum ac
celerations for personnel areas are shown for several
weapon system facilities.

(3) Although the natural frequencies of the per
sonnel shock isolation systems are not indicated in the
table, in all cases they are less than one cycle per sec
ond. Similarly, the mode of failure in all cases is based
on impairment of operational capability of all person
nel, some of whom may be standing unsupported and
may be unprepared. The downward trend in peak ac
celerations believed to be necessary to achieve the de
sired protection is clearly indicated by the differences
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TABLE 4-3. ESTIMATES OF FREQUENCY AND VULNERABILITY OF TYPICAL
EQUIPMENT ITEMS (NHA, 1963)

Item

Heavy machinery--motors,
generators, transformers,
etc. (>4000 lb)

Medium weight machinery-
pumps, condensers, air
conditioning, etc.
(1000 to 4000 lb)

Light rnachinery--fans,
small motors, etc.
«1000 lb)

Racks of communication
equipment, relays, rotating
magnetic drum units, large
electronic equipment with
vacuum tubes

Small electronic equipment-
radios, incandescent lamps,
and light bulbs

Cathode ray display tubes

Transistorized computers,
fluorescent lamps and
fixtures, nuclear reactors

Storage batteries (all
types), piping, and duct
work

Lowest Fundamental
Natural

Frequency,
Hz

5

10

15

10

20

5

10

5

Estimated
Vulnerability

Level,
g

10

15

30

2

20

1.5

5

20

between those specified by early design criteria and
thos used in final design of the Titan II and Minute
man facilities.

(4) It should be noted that all the suspension sys
tems indicated are pendular and that the maximum
horizontal acceleration is fixed more by the practical
aspects of the pendulum design than by a human shock
tolerance.

c. Human tolerance to impact.
(1) Sensitivity diagrams

(a) Figures 4-23 and 4-24 summarize observa-

4-24

tional data in terms of the coordinates of a sensitivity
diagram: average accelerations a as abscissas, and
speed change or impact speed v as ordinates. Since
scales of both coordinates are logarithmic, loci of con
stant duration are straight lines of slope + 1.

(b) Points corresponding to the conditions of ob
served or inferred impacts are collected in figure 4-23,
and conclusions drawn from these data are repre
sented in figure 4-24 by "safe" and "unsafe" regions.
When both speed change (ordinate) and average ac
celeration (abscissa) are higher than certain limits, the
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TABLE 4-4. MAXIMUM ACCELERATION IN WEAPON SYSTEM PERSONNEL AREAS
(Parsons, 1962)

Maximum Acceleration in
Weapon System Personnel Areas, g

Vertical Horizontal

Atlas Silo 1.5 0.125

Atlas Control Center " . .. mounted to reduce ground shock
without impairing operational ability"

Titan II (Criteria) 3.0 3.0

(Initial Design) 2.4 0.5

(Revision) 0.5 0.5

Minuteman (Criteria) 1.0 (down)
3.0 (up) 1.0

(Design) 0.5 0.15
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Figure 4-23. Human ToleralUe Limits to Impact (Rempel, 1967)
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Figure 4-24. Human Tolerance to Impact (Rempel, 1967)

impact is unsafe; otherwise it is safe. For both
theoretical and observational reasons, these limits,
particularly the average acceleration, cannot be given
as single values and are sometimes shown in the
figures as regions.

(c) The limits depend on bodily orientation with
respect to the acceleration vector and the various
bounds drawn in the figures labeled to indicate the
mode of impact. ''Longitudinal'' means acceleration is
applied to the whole body parallel to the spine; "trans
verse" indicates the vector is normal to the spine.
''Whiplash'' is a motion of the head with respect to the
shoulders either fore and aft or sidewise; the limits
shown in the figures for whiplash are not well estab
lished.

(d) Drop tests were conducted on a standing
man (Gesswein-Corrao, 1970), which generated force
time history curves as shown in figures 4-25 and
4-26. These drop tests (velocity shock) consisted of
dropping a standing man on a small platform from a
known height to impact on a force gage.

(e) Figure 4-25 shows a curve that illustrates
the general results obtained in all tests. There occurs
first a compression phase in which drop energy results
in a force increase to a maximum. The time to peak

4-26

force decreased from about 13 msec for a 2 in. drop to
about 7 msec for a 9-in. drop. Then the body recovers
from the impact towards its normal weight. This time ,
varied between 30 and 60 msec. It seems significant
that in all the tests conducted only twice did the re
bound force ever reach zero. Apparently, the body de
fends against impact largely by energy dissipation
rather than by energy storage.

(f) The test result judged most significant to
tolerance studies is shown in figure 4-27. Here the two
highest values of peak force developed above body
weight are plotted against the kinetic energy of each
volunteer at impact. The straight line represents the
least squares fit to the data that had the highest index
of determination (0.85) of several curves types tried.
The equation is the fitting equation

F == 4E085 (4-8)
where E is impact energy in in.-Ib and F is peak force
in pounds above body weight.

(g) The time interval between foot force and
head acceleration against the kinetic energy of impact
is plotted in figure 4-28. The transit time does not
seem to be greatly influenced by height of drop. Ap
parently, stress transmission occurs at a rather con
stant velocity, somewhat less than 1000 ftJsec. This
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FIGURE 4-25. TYPICAL FEATURES OF FORCE-TIME CURVES (Gesswein
Corrao, 1970)

2 IN. DROP

76~
~ -

~
5 IN. DROP ,

~
7 IN. DROP -

1- 100 ms -I

FIGURE 4-26. FORCE-TIME CURVES FOR ONE VOLUNTEER: 2,5, AND
7-INCH DROPS (Gesswein-Corrao, 1970)

speed is rather low, considering that bone transmits
sound at a velocity near 10,000 fUsee and the soft body
materials (mostly composed of water) at a speed near
5000 fUsec. It would seem that the body's response to
impact cannot be readily explained by assuming
longitudinal stress wave propagation as in an elastic
medium. Apparently, joint distortion with its accom
panying generation of transverse shear waves slows
elastic propagation times considerably.

d. Effect of body position

(1) The variation in man's shock tolerance for dif
ferent body positions, as a function of duration of
shock acceleration, is shown in figure 4-29. Curve D in
the figure is an upper design limit, above which injury
can occur. Curve E is based on subjective comfort re
sponse to centrifuge tests.

(2) Because of the possibility of impact injuries to
personnel, design criteria will often limit acceleration
inputs to much lower values than those indicated in
figure 4-29. Goldman and Von Gierke (1960) suggest
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limiting upward floor accelerations to 0.75 g and
downward accelerations to 0.5 g to avoid injuries to an
unrestrained man in the standing position and 0.75 g
upward and 1.0 g downward for an unrestrained man
in the sitting position. Horizontal acceleration limits
of 1.0 g are also recommended for an unrestrained
man in the sitting position to avoid whiplash injuries
or his being thrown from his chair. Curves A and B of
figure 4-29 are applicable to the standing and sitting

unrestrained positions, respectively, and represent up
per design limits. These curves are appropriate for de
sign only under conditions where impact injuries can
be avoided. Values from curve A represent one-half of
the shock tolerance limit to allow for the possibility
that all of the subject's weight might be on one leg.

(3) An unrestrained man in the prone position (ap
plicable to sleeping quarters) would be expected to
withstand higher accelerations, except that he may be

TABLE 4-5. RECOMMENDED DESIGN VALUES FOR HmMN TOLERANCE TO
SHOCK MOTIONS (IN G'S) (Goldman-Von Gierke, 1960)

Criterion A

B

Limiting

Limiting

g value to prevent internal injury

g value to avoid possible impact injury

s::
0

•..-1
!-l Shock Direction(I)

+-'
•..-1

Posture M Upward Downward Horizontalu

A 10.0 5 in. at 1 g *
Standing

B O. 75 0.5 0.5
"Cl
(I)

s::
19 in. 1 g *•..-1 A 15.0 attil

M Sitting+-'
til B 0.75 1.0 1.0(I)

Ms::
=>

A 40.0 * *

Prone B 0.75 1.0 0.75

- Curve C (Fig. 4-29) Curve C Curve C

15.0 15.0 15.0

Sitting A or or or
"Cl
(I) Curve E (Fig. 4-29) Curve E Curve Es::

•..-1
til
M
+-'
til 40.0 40.0 15.0(I)

IX:

Prone A or or or

Curve C (Fig. 4-29) Curve C Curve E

*Displacement must be limited, i.e., attenuated to less than the distffilce
between operator and nearest solid object.

4-3.

-----. ------



TM5-151-4

thrown from the bed and sustain injuries upon impact
with the floor. For this reason, design criteria are
again lower than human shock tolerance; acceleration
limits of 0.75 g upward, 1.0 g downward, and 0.75 g
horizontal are suggested. If the man is in the unre
strained prone position, but inside a completely
padded enclosure, he would be partially protected
from impact injuries and curve C of figure 4-29 is ap
plicable. If the subject is in a sitting position and re
strained to prevent his leaving the seat, and if relative
motion between head and limbs and body is prevented,
curve E of figure 4-29 is applicable for upward, down
ward, and horizontal motions. Curve D is used for de
sign of upward ejection seats and does not include the
effect of rapid deceleration. Curve C is applicable to
upward or downward acceleration for the prone re
strained position and curve E for horizontal motions.

(4) Based on figure 4-29,~ table 4-5 summarizes

the recommended human tolerance limits of shock ac
celeration for danger in protective structures. The
lower of the recommended limits for an unrestrained
man are conservative to avoid possible impact injury
caused by loss of balance. Restraints for seated and
prone positions are an obvious advantage and may be
required where practical and consistent with mission
functions.

(5) It is difficult to isolate the effect of the rate of
rise to the peak shock acceleration on man. However,
Eiband (1959) indicates that a rate of rise equal to
1000 g per sec can be tolerated at the shock levels
recommended for design. In designs where vertical
and horizontal shock pulse effects are combined, it is
recommended that the acceleration vector sum be
limited to the lower of the horizontal or vertical limits.

(6) The tolerance curves in figure 4-29 may be in
terpreted and adjusted by considering the probability

1OOI'lllll::~---.-----...,...----~--------,
/"

/
90 /

./
I
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''''-..P(I)
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Figure 4-30. Probability of Suruiual(S) and I'!jury (I) us. Upward Vertical Acceleration Standing, Unrestrained (BAC, 1977)
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of survival (or injury) versus upward vertical accelera
tion for an unrestrained man. These probabilities are
given in figure 4-30 for a standing man and in figure
4-31 for a seated man.

(7) Additional tolerance information assembled
from several sources is given in figure 4-32 and 4-33.
These figures are in the form of acceleration/pulse
duration plots for a seated person. They show the parts
of the body that are the limiting factors for different
pulse durations.

(8) Conclusions reached in the study of Hirsch
(1964) for an unrestrained standing and seated man
are:

-A man standing with weight equally dis
tributed on both legs is not likely to be in
jured when the change in peak velocity is less
than 11 ft/see and the rise time to peak
velocity is between 1 and 20 msec.

-A seated man is not likely to be injured when
the change in peak velocity is less than 15
fUsee and rise time to peak velocity is be
tween 1 and 20 msec.

-A standing man is more vulnerable than a
seated man in the 1- to 20-msec time duration
regions of shock motion.

-Man will leave the deck and fly upward with
kickoff velocities between 60 and 120 percent
of the peak deck velocity.

(9) Where restraints in a seated and prone body
configuration are required, both chair and bed sup
ports should include mechanical fuses that transmit
essentially constant force to the occupants. These de
vices may be frangible tubes or the somewhat more s0

phisticated rolling ring absorber (Platus, 1973). Con
stant force liquid absorbers equipped with spring re
turn may also be obtained (from Taylor Devices Inc.,
North Tonawanda,N.Y., for example.)

e. Injuries
(1) Data indicate that man can tolerate relatively

large acceleration forces when he is restrained. How
ever, the unrestrained person is subject to loss of
balance at relatively low accelerations with the at
tendant possibility of impact injury.

(2) Man may strike overhead objects, lose footing,
and fall against objects or the floor. Goldman and Von
Gierke (1960) indicate that skull fractures occur if the
head hits a hard flat surface after a free fall of 5 ft.
Head impact with a blunt comer requires only a small
fraction of the 5 ft drop for a skull fracture. If the
chance of impact injury for the unrestrained operator

I00r--......-_~--r--~--...-----r--.-----r----:;;__r---.
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Figure 4-31. Probability ofSurvival(S) and Injury (l) vs. Upward Vertical Accelerotion Seated, Unrestrained (BAC, 1977)
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can be eliminated by the use of protective gear, such as
crash helmets, and by providing resilient padding on
all exposed corners and projections, the accelerations
indicated by curves A and B in figure 4-29 can be used
for design maxima.

(3) Injuries can result from excessive acceleration
of the body. Hirsch (1964) concludes that a standing
man will receive compressive injuries in the body-sup
porting bones if the upward floor acceleration exceeds
20 g during a long-duration loading. The injury thresh
old is higher for short-duration loads. If the floor
moves downward rapidly, the man will free-fall a
maximum distance equal to the floor displacement. A
drop of only 20 in. (50.8 em) could fracture both legs.
Impact with an upward moving floor would increase
the probability of fracture. Damage to the vertebral
column is a common mechanism of injury where im
pact is parallel to the spine (Ruff, 1950). To mitigate
injuries due to deck accelerations, the U.S. Navy devel
oped shock attenuating deck pads. These are described
in reports by Hawkins and Hirsch (1966 and 1968).

(4) Studies of seated and standing unrestrained
humans at David Taylor Model Basin (Navy Ships Re
search and Development Center) covered effects for
simulated vertical shock motion of ship decks (fig.
4-34). Generally, with a constant input upward verti
cal velocity amplitude, the kickoff velocity (unre
strained man) increases as the time to reach peak ve-

locity increases. A means of predicting man's kickoff
velocity for the standing stiff-legged and seated posi
tions (Mahone, 1966) can be developed as

VKNo =1.5 (tp/T)°·256 (4-9)
where

VK = Subject's kickoff velocity, ftJsee
Vo = Peak input velocity, ftJsec
t p = Rise time to peak input velocity, msee
T = Natural period of man, msee (T equals 100

and 167 msee for the standing and seated
man, respectively; see Hirsch, 1964)

(5) Limited data are available from accident stud
ies on injury severity. Accident reports of the Ameri
can Alpine Club were evaluated by Stech and Payne
(1969), using the severity scale developed by Cornell
Aeronautical Laboratories. These data included few
accidents involving head impact and, in general, these
accidents resulted in a higher injury severity rating
than equivalent accidents where no head impact was
involved. The results of this study are shown in figure
4-35, where the midpoint of the injury scale separates
50 percent probability of injury or a velocity shock of
53 ftJsee. The data for the 50 percent probability of in
jury at 53 ftlsec impact is plotted in the form of accel
eration/pulse-duration in figure 4-36.

(6) The free-fall accident data for mountain climb
ers is conditioned by minimum head injuries, impacts
along the body length, impact anticipation, and bent
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knees. These data are very optimistic in comparison to
the data plot of percent injuries (combat ineffective
ness) as a function of pulse deck (ship) velocity given
on pages 18 and 19 of the GE TEMPO report (1972).
The injury curve of this reference should be used in
conjunction with those given in figure 4-29.

(7) Higher shock loadings into the incapacity
range have been studied in animals such as chimpan
zees, Himalayan bears (126 lb), and mice. Mice have
proven useful in obtaining ranges (5 to 95 percent) of
incapacitating injuries for the same test load and relat
ing injury to rise time of the shock load (Stech-Payne,
1969).

(8) Mitigation of personnel injuries may be in
creased by the addition of pads on the shock isolated
platform made of lead-asbestos or urethane foam
(Hawkins, 1968; Hawkins and Hirsch, 1966).

f. Vibration
(1) Where human performance is mandatory dur

ing or immediately after an attack for the continued
functioning of a weapons system, the effect of vibra-

tions must be considered.
(2) Human shock tolerance to steady-state vibra

tions may be of interest in those instances where there
is little damping of shock-isolated platforms. As in the
case of transient shock, tolerance of steady-state vibra
tions is affected by position and restraint of the indi
vidual. Vibration frequencies in the region of 5 to 10
Hz are of greater significance, since they approximate
natural frequencies of the human body. At these fre
quencies, tolerance of steady-state vibrations is shown
in table 4-6.

(3) Human performance can be degraded due to
pain, respiration difficulties, disorientation, and lack
of visual acuity. Studies on this subject are covered in
Harris (1965); Edwards-Lange (1964); Weis (1966);
Mandel-Lowry (1962); Ashley (1970); and DOD (1974).
Figure 4-37 from DOD (1974) provides a suitable
guide for shock isolation. Shock-isolated platforms
should be timed to about 1 Hz rigid platform motion,
since this frequency corresponds to the general human
walking gait.
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TABLE 4-6. RECOMMENDED DESIGN VALUES FOR HUMAN TOLERANCE
TO VIBRATION (aCE, 1966)

TM5"'~

Criterion A.

Criterion B.

Limiting

Limiting

g value to prevent internal injury

g to avoid impact injury

Posture

Vibration Direction

Vertical Horizontal

B. 0.75 g B. 0.75 g

A. Figure 4-29 A. Figure 4-29
3 g, f <; 2 Hz 3 g, f < 1 Hz
1 minute or less 1 minute or less

A. Figure 4-29 A. Figure 4-29
3 g, f < 2 Hz 3 g, f < 2 Hz
1 minute or less 1 minute or less

Standing-
Unrestrained

Sitting-
Unrestrained

Prone-
Unrestrained

Sitting-
Restrained

Prone-
Restrained

B. 0.5 g

B. 0.75 g

B. 0.5 g

B. 1. 0 g
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(DOD, 1974)
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CHAPTER 5

PERFORMANCE CHARACTERISTICS OF
SHOCK ISOLATION SYSTEMS

5-1. Introduction.
a. Previous chapters have been concerned with facil

ity environments and the ability of equipment and per
sonnel to withstand these environments. The present
chapter describes the performance of shock isolation
systems needed to protect equipment/personnel from
anticipated facility environments. A necessary prelim
inary to this description is a discussion of whether and
to what degree shock isolation is actually required.

b. The description of shock isolation system per
formance begins with a discussion of single-degree-of
freedom systems. Such systems are often useful for
idealizing real systems, which may consist of complex
combinations of numerous smaller components. The
analysis of single-degree-of-freedom systems clarifies
important shock isolation concepts such as transmissi
bility, coupling, and dynamic balance.

c. Other system configurations are then described.
The two basic approaches to shock isolation, individual
and group mounting, are considered. Some of the com
mon ways of supporting a shock-isolated system are
discussed, together with the factors that affect the se
lection of a particular isolator arrangement.

d. Actual shock isolation systems differ in many re
spects from simple theoretical systems. Actual sys
tems are found to have distributed masses, stiffnesses
and damping. Real transmissibility curves and trans
fer functions for such systems are presented to illus
trate how they differ from those of idealized systems.

5-2. Requirement for isolation.
a. Comparison of the shock environment and equip

ment-hardnesslpersonnel-tolerance will indicate the
risk of shock damage. To the degree to which the shock
environment exceeds the hardness/tolerance, shock
isolation mayor may not be required. The comparison
can be made using shock spectra or Fourier magnitude
spectra.

b. If the shock input does not exceed the hard
ness/fragility of the equipment or the personnel toler
ance, the equipment can be hard-mounted to the struc
ture and personnel will need no protection. This situa
tion is illustrated in figure 5-1. The upper curve in
each diagram shows the equipment hardness or fragili
ty. The lower curve shows the facility environment.
The figure illustrates the two forms of comparison of
data in the frequency domain: (a) shock spectra, and
(b) Fourier magnitude spectra.

c. If the shock input exceeds the equipment hard
ness or personnel tolerance, attenuation of the envi
ronment is required. This situation is illustrated in fig
ure 5-2 for shock spectra and Fourier magnitude spec
tra.

d. The insertion of an isolation system between
equipment/personnel and the facility environment re
sults in an alteration of the environment experienced
by the equipment or personnel. This environment al
teration, when applied to the environment of figure
5-2, may result in modified environmental curves
such as those shown in figure 5-3.

e. The separation over the frequency range of equip
ment hardness/personnel tolerance and environment,
such as illustrated in figures 5-1 and 5-3, is the de
sired goal of shock isolation. To accomplish this,
shock-isolation systems can range from the basic
spring-mounted system to servo-controlled systems.
The range of isolation can be from moderate attenua
tion to extremely high.

t. Unless equipment is specifically tested for a
weapon system, information on equipment hardness
may be minimal. Estimates of the environment of the
facility or on the shock-isolated platforms must in
clude the uncertainty of the threat and the uncertainty
of the structural response prediction of the facility.
These two uncertainties not only narrow the differ
ence between the environment and equipment-hard
ness/personnel-tolerance, but can result in overlap in
all or in some portions of the frequency spectrum.

g. Where the environment may exceed equipment
hardness/personnel tolerances because of uncertain
ties, and where the problem cannot be resolved by
equipment upgrading or shock isolation, a probabilis
tic approach may be used. A risk value, based on mis
sion requirements of the weapon system, may be as
signed in the form of probability of failure and confi
dence level. In a nominal case, this might be a 10 per
cent probability of failure with 90 percent confidence.
In some cases, additional information may be required
to generate more accurate failure probability and ac
ceptable confidence levels.

h. Additional information may be required pertain
ing to equipment hardness and to the environment at
the equipment location. The development of equip
ment hardness information is covered in chapter 4,
which also describes methods for upgrading equip
ment. Additionally, physical models of the structure
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can be constructed for measurement of impedance and
of mode shapes, and for high-explosive tests.

i. Costlbenefit studies for shock isolation can be
used to determine the degree of isolation or the degree
of environmental attenuation required. These studies
should include the following considerations:

-System mission and its criticality
-Cost of refined environmental prediction
-Cost of equipment hardness upgrade
-Effect of personnel restraints (seated and prone)

and personnel protection on operational effec
tiveness

-Impact of shock-isolation system on cost and
size of protection facility

-Ratio of shock isolation cost to equipment hard
ness upgrading cost

5-2

5-3. Performance of single-degree-of
freedom systems.

a. In general, the analytical treatment of shock-iso
lation systems is based upon the principles of dynamic
analysis. Since many isolated masses are a complex
combination of numerous smaller components, each
with its own static and dynamic characteristics, the
first step in the analysis is to idealize the system. In
most cases, this means representing the real system by
a simplified model consisting of a rigid mass, or
masses, connected by a spring and dash pot as shown
in figure 5-4. This figure represents the simplest case,
that of a single-degree-of-freedom system restrained to
move in only one direction. In the more general case,
the system would have at least six degrees of freedom,
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Le., three displacements and three rotations. Under
certain conditions, these six modes can be uncoupled
and the system analyzed as six single-degree-of-free
dom systems.

b. The single-degree-of-freedom system can also be
used to illustrate the relation of some important pa
rameters to the effectiveness of shock-isolation sys
tems in general. In figure 5-4, the isolator is repre
sented by the linear spring and viscous damping device
enclosed within the dotted square. The suspended
mass is assumed to be a rigid body. It is assumed that
the base of the system is subjected to a periodic sinus
oidal motion whose frequency is w. The undamped nat
ural frequency of the system is WN. The ratio of the
maximum absolute displacement of the mass to the

maximum displacement of the base is plotted in figure
5-5 as a function of the ratio of the frequency of the
base motion to the natural frequency of the single-de
gree-of·freedom system. (The ratio of absolute veloci
ties or of absolute accelerations of the base and of the
mass can also be used, and are identical.)

c. The ratio of displacements is called the absolute
transmissibility of the system. Curves are presented
for various damping ratios (ratio of actual viscous
damping coefficient to critical damping coefficient).
When the frequency of the input motion is small com
pared to that of the system, the displacement of the
mass is approximately equal to the displacement of the
base. When the frequency of the base motion is several
times that of the system, the motion of the mass is a

5-3



'EQUIPMENT
HARDNESS

TM5~51-4

~\

J \_'/\".I".JV'__'

I ~SHOCK ISOLATED
I ENVIRONMENT

FREQUENCY, Hz

(a) Shock spectra

UJ
o
::::>
t-
z
(.:J

«
4

/1
I I
II

1/ \ / SHOCK ISOLATED
" ENVIRONMENT

"'V\..A_"'v","/"'-/"""

FREQUENCY, Hz

(b) Fourier magnitude spectra
U.S. Army Corps of En~ineers

Figure 5-3. Effect ofShock Isolation in Attenuating Facility Environment

small fraction of the base motion. When the ratio of
frequencies becomes large (e.g., 20 to 30), the system
cannot respond to the base motions to any significant
degree, as the mass tends to remain stationary in iner
tial space. At frequency ratios near one, large motions
of the mass are possible and the magnitude is strongly
affected by the amount of damping in the system.
Here, the stiffness (spring) vector is equal and opposite
to the mass vector, and the only limit on resonance mo
tion is the energy dissipating damper.

d. One approach apparent from figure 5-5 is to use
a low-frequency suspension system so that the ratio of
frequencies is always large. However, low-frequency
(or soft) systems have larger static and dynamic dis
placements and a greater probability of coupling be-

5-4

tween modes of vibration. Although soft systems may
be acceptable under some conditions, other constraints
will often prevent their use. One obvious constraint is
a limit on the relative motion between the suspended
mass and its supports or adjacent parts of the facility.
This relative motion determines the amount of rattle
space that must be provided to avoid impact between
the mass and other fixed or moving parts of the facil
ity.

e. Figure 5-6 shows the variation of relative trans
missibility with frequency ratio for several percent
ages of critical damping. Relative transmissibility is
defined as the ratio of the maximum relative motion
between the mass and base to the maximum displace
ment of the base. At low-frequency ratios (high fre-
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Figure 5-4. Idealized Model of Shock-Isolnted Mass

quency, or hard, system), there is very little relative
motion between mass and base. At high-frequency
ratios (soft system), the relative displacement can be
approximately equal to the base displacement. The
damping ratio again strongly affects the response at
frequency ratios near unity.

f. The acceleration of the mass is a function of the
force applied to the mass by the spring and damping
devices. In the case of linear undamped springs, the
force is a function of the relative displacement be
tween the mass and its support. In viscous damping

devices, the damping force is a function of the percent
of damping and the relative velocity between the mass
and its supports. Thus, acceleration limits for the cri
tical items will also impose restraints on spring stiff
ness and the amount of damping in the isolation sys
tem. In practice, the characteristics of the shock-isola
tion system are usually some compromise combination
of spring stiffness and damping ratio to minimize in
put motions to the mass for a specified allowable rat
tlespace or to minimize rattlespace for specified allow
able motions of the mass.

g. Figures 5-5 and 5-6 also demonstrate the need to
avoid resonance (frequency ratio of one) between the
system and disturbing function. Although the struc
tural motions resulting from nuclear detonations are
not steady-state sinusoidal in nature, they frequently
are of an oscillatory type and the displacement-fre
quency ratio relationships discussed above are ap
proximately applicable. AJA (1966) and Veletsos
(1964) contain a more detailed discussion of the effects
of load duration, nonlinear springs, damping, and sys
tem frequency on response.

h. In the general case, a single-mass system can
have six degrees of freedom: translation in three
orthogonal directions and rotations about three ortho
gonal axes. These systems can also be classified as cou
pled or uncoupled. A coupled system is one in which
forces or displacements in one mode (or direction) will
affect or cause response in another mode, e.g., a ver
tical displacement of a single rigid mass might cause
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Figure 5-6. Effect of Frequency Ratio and Damping Ratio on Rela
tive Transmissibility (Harris-Crede, 1976)

rotation of the mass about some axis. An uncoupled
system, on the other hand, is one where forces or dis
placements in one mode do not generate a response in
another mode. If the system is completely uncoupled,
base translations in anyone of three orthogonal direc
tions will excite translations of the mass only in that
direction. Similarly, a pure rotation of the base about
anyone of three orthogonal principal inertia axes
through the mass center will excite only pure rotations
of the body about that axis. The principal inertia axes
are those about which the products of inertia vanish.

The principal elastic axes of a resilient element (isola
tor) are those axes for which an unconstrained element
will experience a displacement colinear with the direc
tion of the applied force. The point of intersection of
the principal elastic axes of a resilient element is called
the elastic center of the resilient element. If the prin
cipal elastic axes and the principal inertia axes of the
shock-isolated system coincide, the modes of vibration
are uncoupled. The origin or point of intersection of
both sets of axes must lie at the center of gravity of the
mass. Such a system is also referred to as a balanced
system.

i. In figure 5-7, if all the springs have the same
stiffness, the elastic center will be located at point A.
If the suspended block is of uniform density, its center
of gravity is also located at A, and the system is uncou
pled for motions input through the springs. Some sys
tems may be uncoupled only for motions in a particu
lar direction. If point B in figure 5-7 is the center of
gravity of the mass, a pure horizontal displacement of
the structure would excite only a horizontal displace
ment of the mass. A pure vertical displacement of the
structure would excite both vertical and rotational dis
placements of the mass. Thus, vertical and rotational
modes are coupled. If the center of gravity were lo
cated at point C, then horizontal, vertical, and rota
tional modes would be coupled.

j. If the characteristics of the mass and shock-isola
tion system are such that the modes of vibration can
be uncoupled, the system can be analyzed as a series of
independent single-degree-of-freedom systems. The re-
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sponse of each of these systems can be determined on
the basis of input motions and isolator properties in a
direction parallel to or about one of the principal iner
tia axes. The response in each one of these modes can
be summed in various ways to obtain the total re
sponse of the system. The sum of the maximum re
sponses would neglect differences in phasing and
should represent an upper limit of the actual motions.
Since it is unlikely that maximum response will occur
simultaneously in all modes, the square root of the
sum of the squares of the maximums (root sum square
values) may represent a more realistic maximum.
Superposition of modal responses is appropriate, of
course, only for elastic systems.

k. Although it is not always possible to achieve a dy
namically balanced shock-isolation system, it offers
advantages other than a simplification of the computa
tion effort. Saffell (1971) suggests that a dynamically
balanced system will also result in reduced motions
during oscillation. Since modes are not coupled in a
balanced system and rotational inputs to the system
are usually of small magnitude in protective construc
tion applications, rotational motions of the suspended
mass will be minimized. This is particularly important
in the case of large masses, where small angles of rota
tion can result in large translations at extreme loca
tions far from the center of gravity.

t. Because of the advantages of a dynamically bal
anced system, various approaches are sometimes taken
to minimize coupling of modes. One criterion is that
frequencies in the six modes should be separated suffi
ciently to avoid resonance between the modes. This
separation should be maintained over some reasonable
range of loads that the system might be expected to
sustain during its lifetime. Because of the importance
of minimizing rotational modes of response, Saffell
(1971) also suggests avoiding extremely low stiff
nesses in these modes. Although increased stiffnesses
in the rotational modes will add higher frequency com
ponents to system response, there is little rotational
energy introduced directly into them, if the system is
properly balanced. Higher rotational stiffnesses will
also minimize residual inclination of the isolated plat
form under changing static loads or due to friction
forces in the isolators. Most isolation systems will in
corporate some features that will allow for changes in
the total load or distribution of load on the isolation
platform. The adjustments can be made by changing
properties of the isolators themselves or adjustment of
ballast weights on the platform.

m. If the dynamic system is also a multiple mass
system, the system can be analyzed by the modal
method of analysis or one of the numerical integration
techniques. The modal method of analysis requires
solution of simultaneous equations of motion to deter
mine characteristics shapes and frequencies of each

TM5-858-4

mode and is limited to the elastic case. The numerical
techniques do not require prediction of mode shapes
and frequencies and will handle both elastic and in
elastic' response. The modal method of analysis or
numerical integration techniques can also be used for
the analysis of multiple-degree-of-freedom. single
mass systems where the various modes of response are
coupled.

5-4. Performance of other system config
urations.

a. Individual versus group mounting.
(1) The two basic approaches to shock isolation in

protective construction are to provide individually
tailored systems for each component or to group to
gether two or more items on a common platform. In
the latter case, a system is selected to satisfy the most
stringent criteria. In some cases, where the shock
tolerance of the various items differs greatly, a com
bination of the two approaches may be the most effec
tive solution. Although the relative location or size of
some items may make individual mounts the more
practical approach in certain cases, group mounting
will generally be as reliable and the least costly solu
tion.

(2) There are several advantages of group
mounted systems. A group-mounted system will be
less sensitive to variations in weights of individual
items of equipment because of the larger combined
weight of all items ~nd the platform. With a number of
items, there is also a greater flexibility in controlling
the center of gravity of the total mass. A group
mounted system can also require less rattlespace than
several independently mounted systems; furthermore,
interconnections between components is greatly sim
plified if they are all mounted on a single platform.

(3) An important advantage of group systems is
cost. Individual mounts require a large number of iso
lator units with adjustment systems to accommodate
changes in weights or performance requirements. If
adjustment capability is not provided, the isolators
may have to be redesigned or replaced if weight and
performance characteristics change significantly. Al
though larger, more costly units are required for the
group-mounted system, fewer numbers are required,
and the cost per pound of supported load can be much
lower. The maintenance and spares cost should also be
less for the fewer number and types of units required
in the group-mounted system.

b. Platform chamcteristics. It is desirable that the
platform for group-mounted systems be sufficiently
stiff so that the platform and associated mounted
equipment can be treated as a rigid body. This cri
terion is usually satisfied if the lowest natural frequen
cy of the platform is several times larger than the nat
ural frequency of the spring-mass system. When large
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heavy items of equipment are involved, platforms
meeting this stiffness criterion may not be practical.
In such cases, it will be necessary to treat the platform
equipment configuration as a multimass system.

c. Isolatorarrongements.
(1) There are many ways to support a shock-iso

lated item. Some desirable features have been men
tioned previously in connection with dynamically bal·
anced systems. Some of the more important factors af
fecting the selection of an isolator arrangement are

-The site, weight, shape, and location of the
center of gravity of the suspended mass must
be determined

-The direction and magnitude of the input mo
tions must be determined

-Rotation of the lines of action of the devices

shoDid be small over the full range of dis
placements of the system to avoid system
nonlinearities

-The coupling of modes should be minimized
-Static and dynamic instability must be pre-

vented
-It is desirable in most cases, and necessary in

some, that the system return to its nominal
position

-The space available for the isolation system
must be determined

-The type of isolation devices to be used must
be considered

(2) Some of the more common general arrange
ments of isolators are shown in figures 5-8, 5-9, 5-10,
and 5-11. All systems shown are assumed to have the
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Figure 5-8. Base·Mounted Isolation System Configurotions (Saffel, 1971)

5-1



same arrangement of isolators in a plane through the
center of gravity (e.g.) and perpendicular to the sur
face of the page.

(3) A symmetrical system would be one in which
the elastic axes and principal inertia axes intersect at a
point. Since the elastic axes of the suspension system
and the principal inertia axes of the mass coincide, the
system is dynamically balanced and all modes are un
coupled.

(4) In figure 5-8a, the mass is supported by four
vertical isolators. These isolators must provide hori
zontal, vertical, and rotational stiffnesses in order for
the system to be stable under all possible motions.
There will be coupling between horizontal displace
ments and rotations about horizontal axes. This ar
rangement and that shown in figure 5-8b are appro
priate for those applications where there are no con
venient supports for horizontal isolators. Figure 5-8b
is a preferred arrangement, since the line of action of

TM5-151-4

the isolators can be directed towards the e.g. of the
mass to allow decoupling of some modes. AI! in the case
of figure 5-8a, the isolator elements must have ade
quate stiffness in axial and lateral directions to ensure
stability under static and dynamic conditions. In fig
ure 5-8c the isolator elements are oriented parallel to
the three orthogonal system axes. This arrangement
provides system stability even when the isolator ele
ments have only axial stiffness. If the e.g. of the sus
pended mass is located as shown, decoupling of modes
is possible. While it is possible to select isolator proper
ties and geometries so that the lines of action of the
isolators pass through the e.g. of the system under
static conditions, response of the system to base mo
tions will obviously alter its geometry. When the line
of action of the isolators is changed due to displace
ment of the mass relative to its supports, coupling of
modes of vibration will be introduced. The degree of
coupling will be affected by the magnitude of the dis-
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placements and the length of the isolators. Although a
system which would provide complete decoupling of
modes of vibration under all conditions of response is
probably impractical, isolator properties and arrange
ments should be selected so as to minimize the effect
of displacements.

(5) Figure 5-9 shows two arrangements of over
head pendulum shock isolation devices using plat
forms to support the sensitive components. In both
cases the e.g. of the suspended mass is relatively low.
These types of suspension systems have been used ex
tensively for supporting large loads in protective
structures. The overhead pendulum system normally
uses swivel joints at the points of attachment of the
isolator elements, so gravity provides the horizontal
restoring force (or stiffness). This force and the fre
quency of the system in the horizontal mode are a
function of the total weight of the suspended mass and
the length of the pendulum. Each pendulum arm also
includes an isolator element in series which deter
mines system stiffness in the vertical direction. The
system is linear for small angular displacements, i.e., 9
~ sin e. Insertion of the vertical isolator elements can
introduce additional nonlinearities and coupling be
tween the pendulum and vertical spring modes. Par
sons (1962) suggests that if the uncoupled pendulum
frequency is near one-half the uncoupled vertical
spring frequency, interchange of energy between the
modes can lead to pendulum motions greatly exceed
ing those predicted by linear assumptions. A detailed
discussion of this problem is presented in Parsons
(1962), Sevin (1960), and Seven (1961).

(6) Since most pendulum systems have low natur
al frequencies, they are displacement sensitive and
will normally require greater rattlespace than other
systems. They exhibit very little damping in horizontal
modes, and it is frequently necessary to add some type
of sway dampers as shown in figure 5-1Oa. These

dampers can be one of several types including gas, liq
uid or friction systems. Since one of the main advan
tages of overhead pendulum systems is that they re
quire no horizontal stiffness elements, their attractive
ness is greatly diminished in those cases requiring
horizontal damping.

(7) The point of attachment of the isolator swivel
joint to the platform determines the location of the
horizontal elastic axis of the system. Figure 5-9b
shows two ways of varying the point of attachment so
that the horizontal elastic axis can be made to coincide
with the c.g. of the suspended mass at the equilibrium
position and help minimize coupling between the
modes of response.

(8) Another solution to the low horizontal stiff
ness and damping characteristics of the overhead pen
dulum system is to incline the pendulum arms as
shown in figure 5-10b. Saffell (1964) presents a de
tailed analysis of both configurations and the factors
affecting their vibration characteristics. It concludes
that the inclined pendulum system is less sensitive to
changes in e.g., provides static and dynamic stability
over a wider range of displacements and loading condi
tions, minimizes coupling between modes, and pro
vides rapid restoration of the system to an equilibrium
position.

(9) Another type of overhead pendulum system is
shown in figure 5-11. This type has been used for mis
sile suspension systems in silos. The pendulum arms
can be vertical or inclined. In this system the base di
mension may be less than one-half the vertical dis
tance from the platform to the e.g. of the mass. Since
the stiffness of the isolators is limited by vertical isola
tion requirements, static and dynamic stability prob
lems can arise, even with small rotations of the plat
form.

(10) Table 8-1 summarizes pertinent characteris
tics of the general types of isolation systems. The fre-

(b)

C.G.

•

ISOLATORS " ....n

DAMPER

(a)

c. G.

•

Figure 5-10. Variations ofSimple Pendulum Systems (Saffel, 1964)
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complicated by the various mechanisms in which it is
manifested, such as friction, hysteresis, aerodynamic
effects, and material. Isolators vary with type and de
sign and depart from ideal springs, as they include
damping and mass characteristics which modify their
performance. The elastic isolator axes and mass center
of gravity seldom coincide; therefore the normal condi
tionis a coupled system. Large platforms with heavy
equipment often have platform bending or torsion in
the neighborhood of the "rigid body" resonant frequen
cy of the platform.

c. Transmissibility curves or transfer functions pro
vide a means of measuring performance of an isolation
system. The curves of figure 5-5 for an ideal isolation
system may be compared to those obtained with actual
physical systems. Transfer functions for small isola
tion systems are routinely measured for aircraft, mis
sile, and automotive systems. Only recently have
measurements become available for large shock-isolat
ed platforms, such as those located in the Safeguard
ABM system (Safford.Walker, 1975).

d. These measured transfer functions, as would be
expected, exhibit considerable deviation from the ideal
system. Typical measurement data is presented in fig
ure 5-12. This system weighed 198,000 lb and meas
ured 64 ft by 49 ft. Eighteen helical coil springs sup
ported the platform; damping was supplied by sepa
rate Coulomb friction dampers at each isolator loca
tion.

e. Figure 5-12 shows the transfer function magni
tude and phase in the frequency domain, from 0.5 Hz
to 500 Hz, and also the impulse function in the time

Less than 1 Hz

Small relative
displacements

quency ranges and relative displacements referred to
in table 8-1 are defined as follows:

Low-frequency
range
Mid-frequency
range
Large relative
displacements

5-5. Performance of actual shock lsa
latlon systems.

a. In the foregoing description of shock-isolation
system performance, the mass, spring, and damper
elements are ideal: the mass contains no damping or
springs, the spring is linear and massless, and the
damper is purely viscous without spring rate or mass.

b. In practical cases, the isolated platform and
mounted equipment are distributed systems of masses,
stiffnesses, and damping. The damping in structures is

1 to 10Hz
Less than 40 in. (102 cm) ver
tical and 14 in. (35.6 em) hor·
izontal (combined)

Moderate relative Less than 15 in. (38.1 cm) ver
displacements tical and 5 in. (12.7 em) hor

izontal (combined)
Less than 6 in (15.2 em) verti
cal and 2 in. (5.08 cm) hori·
zontal (combined)

(11) The comment in table 8-1 regarding nonlin
earity refers to the error in assuming linear behavior
when actual response is nonlinear. The systems shown
in figure 5-8 can be considered equivalent to column
(1) of table 8-1 and those of figure 5-9 to column (4).

C.G.
~

ISOLATOR

Figure 5-11. High Center of Gravity Pendulum Systems (AJA, 1966)
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domain. "Rigid body" isolation resonance for this sys
tem was 1 Hz; however, major bending modes of the
platform started at 0.6 Hz. Figure 5-12a shows ampli
fication of input motion in the low frequencies of up to
a .factor of 2.25, with attenuation (below unity) start
ing at 9 Hz. At 17 Hz a surge (resonance) of the large
spring isolators occurred. From 17 Hz to 500 Hz isola
tion attenuation of 70 percent or better was obtained.
The various spikes in the figure are traceable to major
resonances of the system and of the support equip
ment.

f. Figures 5-13 to 5-22 present transfer function
magnitudes from 30 Hz to 500 Hz for conventional
large shock-isolation systems. These measurements
were made on the Safeguard ABM system (Safford
Walker, 1975). Isolators were helical coil springs, with
and without external friction dampers, or pendulums
with integral pneumatic springs. The pneumatic isola
tors included internal orifices for viscous damping.

g. Each figure contains a brief tabulation of the

5-12

shock-isolation system and size of the platform. The
weight of equipments and platforms ranged from
7500 lb to 244,000 lb; platform areas ranged from 48
sq ft to 3136 sq ft. Four isolators were used for the
small platforms and up to 20 isolators for the larger
sizes.

h. Review of the figures does not reveal a signifi
cant difference between helical coil spring isolators
and pneumatic isolators. Performance characteristics
in the frequency range measured were dominated by
the structural dynamic properties of the platforms and
equipments.

i. Figure 5-20 illustrates an effective isolation sys
tem, where both the platform and equipment were
relatively rigid. Figures 5-21 and 5-22 present infor
mation for comparable switchgear equipment mount
ed on a platform. The improved performance in figure
5-22 over that in figure 5-21 was due to the concrete
fill used in the platform for the walkway.
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CHAPTER 6

SHOCK ISOLATION ELEMENTS

6-1. Introduction.

a. A fundamental element of every shock isolation
system is some sort of energy storage or energy dis
sipative device. These devices must be capable of sup
porting the mass to be isolated under static and dy
namic conditions and, at the same time, prevent trans
mission of any harmful shock environment to the
mass. In most cases the isolation device must have
elastic force-displacement characteristics, so that the
system will return to a nominal equilibrium position
after the support motions cease. Such shock isolation
devices or elements are described in this chapter.

b. The desirable features of these devices may be
summarized as follows (Saffell, 1971):

-The dynamic force-displacement relationship of
the isolator should be predictable for all direc
tions in which stiffness must be provided

-The isolator should have low mass to minimize
transmission of high frequency motions to the
supported mass

-The frequency of the isolator should remain
constant with changes in load, i.e., its stiffness
should vary in direct proportion to the load it
supports. This allows the system to remain dy
namically balanced throughout changes in sup
ported mass and position

-The static position of the isolator element
should be adjustable, so that the system can be
returned to its nominal position when the sus
pendedloadchanges

-The isolator element should have high reliabil
ity, long life, and low cost

c. The various types of isolation devices used in
most protective construction applications possess
these characteristics in varying degrees. Any real iso
lator has some mass; and in some applications, the
mass can be quite large. Although this mass is often
neglected in preliminary calculations, it must be con
sidered in the final analysis. Nonlinear force-displace
ment characteristics are often accepted to gain some
other advantage.

d. Safford and Walker (1975) suggest that the inclu
sion of energy dissipative (damping) devices in the iso
lation system offers several significant advantages
e.g., damping can '

-Reduce the severity of output motion response
-Reduce the effect of coupling between modes,

thus reducing rattlespace requirements
-Restore the system to an equilibrium position

more quickly
-Decrease the sensitivity of the system to varia

tions in input motions
e. Damping can be provided internally in some isola

tion devices, such as liquid springs, but must be added
externally in others, such as helical coil springs. The
different types of damping offer advantages and dis
advantages that must be considered in the design proc
ess. Damping that is proportional to some power of the
velocity greater than unity may be effective in atten
uating low-frequency components but can increase the
severity of high-frequency components. Saffell (1971)
state~ that this characteristic is typical of viscous, hy
drauhc, and quadratic dampers. Coulomb damping,
where the force near the equilibrium position is large,
could prevent the system from returning to its nomi
nal equilibrium position. Thus, if degradation of over
all isolation system performance is to be avoided, care
must ~ exer?is~d i~ adding damping devices to a sys
tem or m desIgnmg Isolator elements possessing inher
ent damping characteristics. Veletsos (1964), Saffell
(1971), and Parsons (1962) include detailed discussions
of the effects of damping on system response.

f. There are numerous types of devices that can be
used to fulfill the shock mitigation function. Common
ly used isolators include helical coil springs, pneumatic
springs, liquid springs, pendulums, and torsion bars
with linear and nonlinear properties. Dampers may be
incorporated into the isolating springs or be separate
elements, with some providing viscous, Coulomb (fric
tion), or velocity-squared damping. Protective systems
have used these individually or in various combina
tions, including-

-Helical coil springs (horizontal and vertical)
-Pendulum (solid pendant or cable) for horizontal

motion with a series-connected helical coil
spring for vertical motion

-Pendulum (solid, horizontal) with series-con
nected pneumatic (vertical)

-Pendulum (solid, horizontal) with series-con
nected hydraulic (vertical)

g. Isolator elements can be generally classified as
passive, active, and semiactive. Platforms, equipment,
and weapons can also be considered elements of an en
tire shock-isolated system.

6-1
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response. Spring surges selectively pass significant
portions of the facility shock input motion into the
equipment at the surge frequencies.

(7) The transfer function, T(Q), for a spring having
both viscous and hysteretic damping can be expressed
as follows (Mlakar-Walker, 1978):

T(Q) = (1 + j,.,)(v + ju) + 2{jj q(Q)
(1 + j,.,)(v + ju) r(Q) - (Q + 2(3j) q(Q) (6-1)

C = Damping coefficient
q(Q) = sinh vQ cos uQ + j cosh vQ sin uQ
r(Q) = cosh vQ cos uQ + j sinh vQ sin uQ

Performance characteristics predicted by the above ex
pression for differing amounts of both viscous and
hysteretic damping are presented in figure 6-1.

(8) The primary surge frequency and undamped
transmission characteristics of a helical spring may be
obtained from the following expression (Plunkett,
1958):

Input force and velocity of spring
Output force and velocity of spring
cos (wV'iii7ItJ
j y"EiiSiii (wy'Iii7k)

_J_ sin (wViii7Jij
ViiD

Spring constant
Mass of spring

\ /'11+,.,2_1

V 2jJ (l + '12)

- M, ratio of supported mass to mass of
m spring

= Shear modulus loss factor of spring
material

\ 1"-V"11!!!!!+!!'1~2!!+!!1!!

V 2,., (1 + ,.,2)

=

= Mass supported by spring
= Mass of spring, uniformly distributed over

length of spring, 1

w~= dimensionless frequency
k ratio

= Static spring rate
= Angular frequency, driving frequency

C . dam' ti= 2V"'m = VlSCOUS pmg ra 0

v

Q

u

w

m
M

k

where
,.,

where
Fl , Vl =
F2 , V2 =
an =0'22 =
0'12 .-

0'21 =
k =
m =

6-2. Passive isolator elements.

a. Helical coil springs.
(1) The helical coil spring has numerous advan

tages. It is not strain-rate sensitive, is self-restoring af
ter an applied load has been removed, resists both ax
ial and lateral loads when properly anchored, has a lin
ear spring rate, and requires little or no maintenance.

(2) For most applications, the coil spring requires
a large amount of space in comparison to other avail
able shock-isolation systems and the spring cannot be
adjusted to compensate for changes in loading condi
tions. If the weight of a supported object is changed, it
may be necessary either to change the spring or add
additional springs. For most purposes, the helical coil
spring can be considered to have zero damping. If
damping is required, it must be provided by external
means.

(3) Helical coil springs may be used in either com·
pression or extension. Extension springs are not sub
ject to buckling and may offer a more convenient at
tachment arrangement. Extension spring attach
ments, however, are usually more costly and can cause
large stress concentrations at the point of attachment.
Coil springs are most generally used in compression
for shock isolation applications. Buckling, which can
be a problem with compression springs, can be pre
vented by proper design or by the use of guides added
either externally or internally to the coils.

(4) Helical coil springs may be mounted in two
ways, the ends either clamped or hinged. In most
shock isolation applications, the spring ends are
clamped, since this method greatly increases the force
required to buckle the spring. If space is at a premium,
the energy storage capacity may be increased by nest
ing the springs (placing one or more springs inside the
outermost spring). When nesting springs, it is advisa
ble to alternate the direction of the coils to prevent the
springs from becoming entangled.

(5) A variety of materials is available for the fabri
cation of coil springs. The spring can be manufactured
from wire as a cold-wound spring or from bars as a hot
wound spring. Hot-wound springs are usually fabricat
ed for wire diameters greater than 0.5 in. (1.27 cm).
The specifications for a helical spring may include
some or all of the following: maximum load, maxi
mum static deflection, maximum dynamic deflection,
spring rate (stiffness), maximum height, maximum
diameter, and factors of safety regarding allowable
stresses and bottoming of the spring.

(6) The distributed mass of a helical spring has
been shown to cause the system to have natural fre
quencies (spring surge) that are not predicted under
the massless spring assumption. For a harmonic ex
citation whose frequency is near or equal to one of
these multiple natural frequencies, the damping pres
ent in the system will be the limiting factor governing

6-2
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w = Frequency (radlsec)

The propagation constant for the spring is:

y = j!£. = jw v'iii71i
c 1

(6-3)

where c = lViTril. speed of wave propagation of
spring of length 1

(9) The fixity of the coil spring both to the facility
and to the equipment or platform plays a significant
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role, particularly in the high frequencies and where
high onset of motion occurs. Poor fixity generates in
creased transmission of facility motion to equipment
at the higher frequencies. An example of this condi
tion is shown in figure 6-2 for isolators of the Minute
man Launch Equipment Room. The poor fixity of the
production model results in higher transmissibility, as
can be observed in figure 6-3 (Lin, 1977). This poor
fixity was the result of "improvements" due to value
engineering efforts and were uncovered too late.

(10) There will be serious impacting of a coil
spring if there is no end fixity. This situation occurred
on the Minuteman Wing I Launch Equipment Room
isolator (fig. 6-4). When the onset motion of the facili
ty exceeds the propagation rate of the spring, the
spring and its support base separate, leaving the
spring to expand and catch up at a subsequent time
(Krek, 1970). A series of impacts by the spring are
then transmitted to the equipment.

(11) Combined pendulum cables and coil springs
have been popular as missile suspension systems. The
propagation constant or the limiting velocity of a heli
cal coil spring in expanding from a compressed state
leads to problems when coil springs are used with
flexible cables. A sudden onset motion of the facility
that exceeds the coil spring propagation constant, plus
the cable drag loading, creates a slack in the pendulum
cable. In the moderate case, a jolt is transmitted to the
equipment at a later time when the cable snaps taut.
In a more severe case, for example, cable slack permits
separation of the isolated platform from the missile it
is supporting. A technique used to mitigate this prob
lem is discussed in the section on liquid springs [chap.
6, para. 6-2c (12)].

b. Pneumatic springs.
(1) Pneumatic springs are springs whose action is

due to the resiliency of compressed air. They are used
in a manner similar to coil springs. The two basic types
are the pneumatic cylinder with single or compound
air chambers and the pneumatic bellows.

(2) Pneumatic springs have the advantage of be
ing adjustable to compensate for load changes. The
spring rate can be made approximately linear over one
range of deflection and highly nonlinear over another.
The springs are quite versatile due to the variety of
system characteristics that can be obtained by regula
tion of air flow between the cylinder chamber and the
reservoir tank. These are some of the possible varia
tions:

-Velocity-sensitive damping by a variable ori
fice between chamber and reservoir

-Displacement-sensitive damping by a variable
orifice controlled by differential pressure be
tween chamber and reservoir

-A nearly constant height maintained under
slowly changing static load by increasing or
decreasing system air content using an exter
nal air supply and a displacement-sensitive
servo-system controlling inlet and exhaust
valves

-A constant height under widely varying
temperature achieved by the same system de
scribed above

(3) The disadvantages of pneumatic springs in
clude higher cost and more fragile construction. Relia
bility of pneumatic springs has been markedly .m
proved by using rolling diaphragms in place of seals.
Pneumatic springs have a limited life in comparison to

INPUT INPUT

~~---SPRING TANG
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PRODUCT ION MODEL
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~~~RETAINING PLUG
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Figure 6-2. Minuteman LER Shock Isolator (Lin, 1977)
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mechanical springs and provide resistance only to
axial loads. Friction guides transmit motion, and if
quadratic damping is used, high-frequency attenua
tion may be impaired. Orifices in fluid devices normal
ly exhibit damping proportional to the square of the
velocity. This effect limits excessive excursions at the
major resonances of the "rigid" platform isolation sys
tem. At the higher frequencies, this type of velocity
squared damping will transmit more facility motions
into the platform. However, the magnitudes of the
higher frequencies of airblast loads (fig. 3-3) and
ground shock are considerably lower; thus quadratic
damping effects at the higher frequencies become
much less severe, and these devices may often be used
very effectively.

(4) Pneumatic cylinders are fabricated in the two
basic configurations illustrated in figure 6-5. The
spring rate of the single action cylinder is nonlinear,
with an increasing spring rate for positive deflections
of the piston and a decreasing spring rate for negative
displacements. The double-action cylinder also exhib
its a nonlinear spring rate with an increasing rate for
both positive and negative displacements. These char
acteristics are illustrated graphically in figure 6-6,
which is a plot of the stiffness ratio versus the dis
placement ratio. The displacement ratio is defined by

,., = yfLo (6-4)

where
y = Deflection
Lo = Cylinder chamber length (see Fig. 6-5, Lol

= Lo2 = Lo for a double-action cylinder at
the neutral position)

Note that the spring rates are approximately linear for
single-action cylinders and almost constant for double
action cylinders at displacement ratios less than 0.3.

(5) Under large displacements, spring rates be
come nonlinear but at a gradual rate (Fox-Steiner,
1972). This nonlinear effect can be beneficial for
equipment survival, where there are uncertainties of
input displacements of the facility.

c. Liquid springs.
(1) A liquid spring consists of a cylinder, a piston

rod, and a high-pressure seal around the piston rod.
The cylinder is completely filled with a liquid; as the
piston is pushed into the cylinder, it compresses the
liquid to very high pressures.

(2) The configurations of liquid springs are di
vided into three major classes according to method of
loading. The classes are simple compression, simple
tension, and compound compression tension. Although
they are loaded in different ways, all three types func
tion by compressing the liquid in the cylinders. Sche
matics of the tension and compression types are shown
in figure 6-7 and in combination as shown in figure
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Figure 6-4. Minuteman Wing I LER IsolLltor Assembly in Test Configuration (Krek, 1970)

6-10. The tension type is more common in protective
construction applications. The compound spring is
merely a more complex mechanical combination of the
two basic types. The cylinders are often fitted with
ported heads to guide the pistons and provide damp
ing. Damping can also be provided through by adding
drag plates to the piston rods.

(3) Liquid springs are very compact devices with
high, nearly linear, spring rates. They can be adjusted
to compensate for load changes, are self-restoring, and
can absorb large amounts of energy. They are higWy
sensitive to changes in temperature and in fluid vol
ume. The latter usually results from fluid chamber
leakage or expansion under pressure. Because liquid
springs normally operate at high pressures, high-qual
ity, close-tolerance seals are required around the pis-

ton. Friction between the seal and piston provides ap
preciable damping and increases the spring rate from
2 to 5 percent. Liquid springs are high-pressure vessels
requiring high quality materials and precision ma
chine work; as a result, they are normally expensive.
However, they are difficult to equal as compact ener
gy-absorption devices.

(4) The high operating pressures in liquid springs
require close tolerance seall; around the piston rod, as
noted above. Effective sea.ring is accomplished by pres
sure between the seal and the piston rod. These pres
sures in turn produce a friction deadband that opposes
isolator motion. The friction deadband is equal to
twice the friction force acting on the rod and must be
overcome to initiate isolator rod motion. Input forces
less than this friction force will be transmitted with-
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out significant attenuation to the isolated mass. The
friction deadband can also affect the final position of
an isolated item after its response to input motions. In
multiple isolator systems, the stopping of isolators at
different positions could result in undesirable tilt or
displacement of the system. In general, the effect of a
given friction deadband on final system position de
creases with increasing isolator spring rate. An in
crease in isolator internal pressure will normally in
crease the width of the friction deadband.

(5) Since the liquid spring is strongly dependent
on the characteristics of the fluid in the cylinder, it is

important that the fluid selected has the best combina
tion of desirable properties. The desired properties in
clude:

-Suitable viscosity
-Temperature and chemical stability
-High compressibility

The viscosity of the fluid is important for two rea
sons: First, if the viscosity is too low, it may be diffi
cult to maintain a good pressure seal around the piston
rod; and second, the damping characteristics of the
spring are directly related to the fluid viscosity.

(6) If the spring is to be subjected to temperature

6
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changes, the coefficient of thermal expansion for the
fluid is important, since fluid volume changes will re
sult in pressure changes. The coefficients of thermal
expansion for most fluids are decreased by the operat
ing pressures normally encountered in liquid springs.
Temperature changes will not be a problem in most
shock isolation applications. IT necessary, steps can be
taken to control the fluid temperature as, for example,
with the use of thermal blankets.

(7) The compressibility of the spring fluid directly
affects the volume of fluid required for a specific appli
cation. The higher the compressibility, the less fluid
required. The compressibilities of several typical liq
uid spring fluids are shown in figure 6-8. The silicone
oils, which include the three lower curves, provide the
best combination of desirable properties and are the
usual selections for liquid springs. Although Dow
Corning's 210 with a viscosity of 0.65 centistoke has
the highest compressibility, its low viscosity could

cause sealing problems. Military specifications are
available that describe fluids suitable for use in these
devices.

(8) The design criteria for liquid springs normally
include the maximum spring rate, the static displace
ment, and the peak dynamic displacement. For a pre
liminary design, the frictional forces, temperature ef
fects, and volume changes in the chamber due to fluid
pressure are generally neglected. A maximum pressure
and preload pressure should be selected based on the
spring rate and peak dynamic displacement.

(9) Liquid springs have been successfully used for
isolation systems in the Minuteman system. Addition
al liquid spring development occurred with the Min
uteman upgrade system. Liquid spring configurations
studied for Minuteman are shown in figure 6-9, and
the final configuration is shown in figure 6-10 (Ash
ley, 1976).

(10) Performance of these liqui~ springs under
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Figure 6-9. Basic Structural Arrangements, Liquid Isolator Development Tests (Ashley, 1976)

high impulse loads while supporting a dead-weight
load is shown in figures 6-11 to 6-14. The transmis
sibility for these plots is defined as a shock spectrum
(Q = 5) ratio and not as a standard ratio of Fourier
spectra. Structural arrangement, damper valve, and
preload are major contributors to the performance
characteristics shown in the figures.

(11) Seal friction also affects transmissibility; for
the candidate isolator this amounts to ± 500 lb. The

significance of seal friction with respect to the preload
can be seen in figure 6-13 and in table 6-1.

(12) An interesting application of a liquid spring
in series with a helical coil spring connected to a pen
dulum mechanical cable was made for shock isolation
of an ICBM. The configuration of this device is shown
in figure 6-15; performance is given by figure 6-16. In
this application, the liquid spring was bottomed out in
order to take up or minimize cable slack in the pendu-
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Figure 6-10. Liquid Shock Isolator Assembly (Ashley, 1976)
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lum in case of sudden downward motion.
(13) Following tests with the figure 6-15 config

uration, tests were conducted on a prototype missile
isolation system (fig. 6-17). The transfer function for
this test prototype is shown in figure 6-18. Note that
as more structure and elements are included in the sys
tem, there is a loss in isolation efficiency and the
curves of figure 6-18 begin to look like the platform
curves of figures 5-13 to 5-22 in chapter 5. More de
tailed information may be obtained from Mazur's Liq
uid Spring Design Data (1970).

(a) Liquid (or hydraulic) springs should not be
viewed exclusively as energy storage devices with
force proportional to displacement. These springs in
clude fluidic effects together with nonlinear spring
and damping effects that permit a wide range of per-

formance characteristics (fig. 6-19). As discussed for
pneumatic isolators, hydraulic springs are available
with controlled hardening of spring rates at the limits
of stroke to prevent impact bottoming. In fact, consid
erable latitude is permitted in specifying force-dis
placement curves.

(b) Performance of liquid springs and other
high-performance isolators can be defined in terms of
dissipated energy-that is, by force-displacement rela
tionships. For example, equipment fragility imposes
limits on acceleration, thus controlling the maximum
force transmitted to the equipment through the isola
tor. Either overall or internal displacements can im
pair functional survival, so both types of displacement
must be constrained. The dotted horizontal and ver
tical lines in figure 6-20 indicate the performance of
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Figure 6-12. Effects ofDamping Valve, Candidate Isolator Transmissibility Characteristics (Ashley, 1976)
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an ideal isolator: one that dissipates as much energy
as possible. The solid line is typical of actual isolator
performance.

(c) The development of liquid or hydraulic isola
tors having the above characteristics has been largely
due to the application of fluidics in damping control.
The elements that enter this design process are illus
trated in figure 6-21 (from Taylor, 1971). Residual
stored energy in the system can be specified to control
the rate of return to equilibrium of the isolated plat-

CANIDATE ISOLATOR
COMPONENT TESTS

form or equipment. Some offset and tilt will also occur
due to seal hysteresis.

d. Torsion springs
(1) Torsion springs provide resistance to torque

applied to the spring. In shock isolation applications,
the torque is usually the result of a load applied to a
torsion lever that is part of the torsion spring system.
A typical torsion spring shock-isolation system is illus
tratedin figure 6-22.

(2LSince the axis of a torsion spring is normal to

PRELOADS

0.1 --f------'\.---t---------+--------

12 KIPS

0.01 --+-----lllr-~-----,f_#,...........-+_-__....____:f__+:::!!..----- 8 KIPS

10 100
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1000

Figure 6-14. Shock Spectra Ratio for High Level Input Positive Pulse (Ashley, 1976)

6-11



TM5-151-4

TABLE 6-1. LIQUID SPRING CHARACTERISTICS
(Ashley, 1976)

Preload Liquid Rigid-Body
Configuration, Spring Rate, Frequency,

kips 1b/in. Hz

8 600 0.84

12 650 0.74

20 810 0.65

Seal Friction = ±500 lb
Dragplate Damping (Cv) 0.15

the direction of displacement, it can be used advan
tageously when the space in the direction of displace
ment is limited. Torsion springs have linear spring
rates, are non-strain-rate sensitive, are self-restoring,
and require little or no maintenance.

(3) Torsion springs cannot be adjusted to compen
sate for changes in weight of shock-isolated equip
ment. Also, damping must be provided by external
means. The axial length of some types may preclude
their use when space is limited.

(4) There are three basic types of torsion

springs: torsion bars, helical torsion springs, and flat
torsion springs. The type to use will depend on the
space available and the load capacity required. The tor
sion bar is normally used for light to heavy loads, the
helical torsion spring for light to moderate loads, and
the flat torsion spring for light loads. The torsion bar
is the type most commonly found in protective struc
ture applications. Crawford et a1. (1973) describe pro
cedures for design.

(5) The torsion bar is most commonly used where
large loads must be supported. A typical bar is illus-

] 3 . 3 KIP MAS S

LO-RATE LIQUID SPRING

STEEL RODS

, J\

SIMULATED RING-CAGE ASSEMBLY

SIMULATED CABLE WEIGHT

I~~~~~---- LIQUID SPRING PISTON ROD

6.7 KIP MASS

RUBBER SPRING---r==~~=*~=-~~~

GUIDE SYSTEM ---~---~I

'~i~iriL- MEeHAN ICAL SPRI NG

Figure 6-15. Test Setup for Concept Development Shock Testing ofa Liquid/Mechanical Isolator (Ashley, 1976)
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trated in figure 6-23. On the basis of the ratio of ener
gy storage to device weight or volume, the torsion bar
is one of the most efficient spring systems. Its diam
eter and length can be varied to suit the applied load
and available space. For most practical purposes, it
may be considered to have zero damping, although
damping may be added to the shock-isolation system
through the support strut assembly.

(6) To minimize bending stresses and increase
service life, torsion bars should be supported at both
ends and fitted with bearings at the end where rota
tion takes place. This entails the additional expense of
bearing-support and bar-anchoring systems. The ends
of torsion bars are usually splined to facilitate connec
tions; large stress concentrations can occur in the vi
cinity of these splines.

(7) The maximum applied load and allowable de
flection must be specified before a torsion bar can be
designed. The maximum allowable stress in the bar
will depend on the material used for the bar, the fabri
cation process, and the anticipated loading conditions.

e. Other passive isolator elements. The helical, tor
sion, pneumatic, and liquid springs are the more com
mon types of isolators for large masses. There are
many other devices especially suited for particular ap
plications and smaller loads. The following paragraphs
briefly describe some of these isolators, with refer
ences to additional sources of information.

(1) Plastic foams.
(a) Although not shock isolation devices, plastic

foams have been extensively used in the packaging of
shock-sensitive items and have also been considered
for use in some protective construction applications.
They are classified as flexible or rigid foams and open

or closed cell. The flexible foams exhibit much smaller
permanent deformations under transient loads than
rigid foams of the same strength. Both types show an
increase in strength with increasing density. Their
stress/strain characteristics are highly nonlinear and
both types can undergo large (40 to 60 percent) strains
before the onset of strain hardening. Figure 6-24
shows the loadJstrain relationships for a typical poly
urethane foam. The foam of figure 6-24 indicates both
energy storage and energy dissipative behavior. The
stress/strain properties of some plastic foams are also
sensitive to rate of loading and temperature.

(b) The energy-storage and energy-dissipative
behavior in open-cell plastic foams comes from the vis
coelastic properties of the material and the presence of
entrapped air. The air has a marked effect on the me
chanical behavior because of the airflow resistance and
pressure buildup under dynamic conditions. As the
foam is compressed, the cell pores are reduced in size,
causing a change in flow resistance. The restricted
flow causes hardening of the foam due to air pressure
buildup, especially at high strain rates.

(c) Foam isolators offer considerable design
flexibility. They can be formed into almost any geo
metric shape and, hence, configured to avoid local
hard points and attendant design problems. Tests on
isolator elements subjected to typical nuclear-weapon
induced facility shock pulses showed no discernible
anomalous behavior nor surging, and high frequencies
were effectively attenuated (Liber et al., 1969). Flex
ible foams can be used for multiple-shot applications,
although there is some degradation with cyclic load
ing. Liber et a1. (1969), Voltz (1967), and Liber-Epstein
(1969) report on investigations of the use of flexible
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open-eell polyurethane foams for shock isolation of
hardened underground facilities.

(d) The distributed nature of foam isolators is
attractive for uniform symmetric geometries and mass
properties. Such isolators meet the requirement of
omnidirectional force-displacement behavior with
minimum translational-rotational coupling. However,
for nonsymmetric geometries and mass properties, a
design problem arises in maintaining the force resul
tant close to the article e.g. to minimize coupling. For
this case, it may be necessary to use a set of properly
configured discrete foam isolators or some other tech
nique to tailor the distribution of isolator forces.

(e) For an isolation system consisting entirely of
foam, another potential problem is the long-term creep
due to the steady gravity load. If creep is a problem,
foams may still be attractive for lateral isolation in
conjunction with other isolators to handle vertical
loads.

(f) Polyurethane isolation was used in an early
application on the SNARK missile. The purpose of this
application was to protect delicate elements such as
frequency standards and tape drives during rocket
launch and cruise (Safford-Inouye, 1957). Additional
applications to avionics are covered in the Arthur-Car
rell report (1969).

(g) Hardness upgrade of an ICBM system re
quired addition of plastic foam in the rattlespace (fig.
6-25) of a shock-isolated platform and around the
shock-isolated missile mount (fig. 6-17). These studies
at the Boeing Aircraft Co. provided further dynamic
performance information on foams that corroborated

• work described in Liber et al, (1969). This work cov
ered the effects of preworking the foam (fig. 6-26), of
preload (figs. 6-27, 6-28), and of loading rates (fig.
6-29).

(h) Referring to figure 6-26: Open-eelled poly
urethane foam is made up of cells and connecting
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Figure 6-21. Performance Characteristics of Constant Force Liquid Isolator (Taylor, 1971)
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structure. The density of the foam is a function of cell
wall thickness and cell size. When foam is statically
crushed, there is a certain cellular wall breakdown to
the extent of the amount of deflection. Figure 6-26
gives a good example of this phenomenon. Once the
foam has been precrushed, the force deflection charac
teristics remain fairly constant for a limited number of
cycles, if the foam is allowed time to regain the air
that was pushed out of it. Repeated cycles during a
short period of time show a reduction in force for a
given deflection. This force reduction is due to the loss
of air that has been pushed out and has not had time to
return.

(i) The significance of the Boeing investigations
is in the size of the equipment protected, the magni
tude of the weapon-effect threats, the test verifica
tions of the foam isolation systems, and the applica-

tion to an operating weapons system. Application
studies for the ICBM are reported in Ashley (1976),
Gustafson (1976), Milne (1976), Mortimer (1977), and
Luschei (1977).

(j) An additional class of device that may be
considered for installations similar to the above is the
marine dock bumper. "Portslide," a type manufactured
by the General Tire and Rubber Company, consists of a
butyl rubber body covered by a cast low-friction ure·
thane surface. Another type is the air-block rubber
fender manufactured by the Yokohama Rubber Com-
pany, Mitsubishi International Corporation___

(2) Disc springs.
(a) Disc springs are washer-shaped discs of

spring temper metal. They have a strong spring action
that resists axial deformation when loaded axially, in
opposite directions, at the inner and outer edges. The
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basic and most widely used disc spring element has a
uniform metal thickness. A useful variation is radially
tapered in thickness so that, as a full disc, the thick
ness at the center would be zero (fig. 6-30). Radially
tapered disc springs are more efficient in terms of en
ergy-storage capacity per unit weight (or volume) of
metal, but are not widely used due to their higher
manufacturing costs. Both forms are of interest be
cause of their inherently high efficiency and their very
high feasible total load capacity as compared to helical
coil springs.

(b) The main advantage of disc springs over
other types of springs is their ability to support large
loads at small deflections with minimum space re
quirements in the direction of loading. They are useful
in protective construction applications requiring lim
ited shock attenuation and as backup systems to re
duce shock in the even of bottoming of coil springs.
They are relatively inexpensive and readily available
in capacities of up to about 60,000 lb. Changes in load
ing conditions are accommodated by the addition or re
moval of units. Variations in thickness and elastic lim
it of commercial grade springs may cause the spring
rate to vary by as much as ± 20 percent, although spe
cial-grade springs may be fabricated to maintain the
spring rate.

(c) The steels normally used for the smaller
sized springs include AISI C1074, C1085 and CI095.
Low-alloy steels such as silica-manganese steel AISI
9260 or AISI 6150 are preferred for the larger springs.
When the loadings are primarily static, the maximum
allowable working stresses may be taken equal to the

compressive elastic limit of the material. Under these
conditions, local yielding may occur around the top in
ner edge of the spring, resulting in a redistribution of
the stresses and a more even distribution of load
throughout the spring. The springs may be stacked in
parallel, in series, or in series-parallel, to obtain a wide
variety of responses. For greater deflection, hardened
steel spacer rings may be placed between the discs. A
higher load for a given deflection is obtained from the
parallel arrangement. This arrangement is less pre
dictable than the series or individual arrangements be
cause of friction damping and breakaway friction. The
senes arrangement provides greater deflection for the
same load but increases the probability of ipstability.

(d) For the very heavy duty springs, the maxi
mum axial deflections are limited, by allowable stress,
to values less than the thickness of the metal. The disc
spring elements could be used in the flat form, making
flat plate theory apply in analysis. In practice, how
ever, it is probably economical to forge the spring ele
ments to the shallow conical configuration commonly
described as coned disc (or Belleville) springs (fig.
6-30). In this form, if the deformation height, h, is
made equal to the maximum allowable deflection, d,
under load, the disc elements can be stacked to provide
the necessary axial deflection clearance without use of
spacer rings. Maximum allowable deflection per disc is
analogous to the maximum allowable deflection per
turn in a helical coil spring, and the required total
deflection must be provided by stacking the necessary
number of discs in series. Spring rate per isolator as
sembly is then equal to the disc spring rate divided by
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the number of discs per isolator.
(e) A heavy-duty, double-acting, coned-disc iso

lator is shown in figure 6-31. Units of this type have a
total load capacity of up to 10' Ib and spring rates on
the order of 15,000 to 25,000 Ib/in.

(f) Coned-disc springs possess many attractive
features, but as yet have not been used in protective
structures. Failure of one or more discs in the device
only reduces capacity, in contrast to the failure of a
helical spring. At maximum stroke, spring rates in
crease substantially (Schnorr-Neise, n.d.), thus reduc
ing the bottoming impact. Design details covering disc
springs may be obtained from Schnorr-Neise (n.d.),
Wahl (1963), and SAE (1971).

(3) Pneumatic bellows.
(a) The air bag and air bellows are two common

configurations for pneumatic bellows both function in
the same general manner. As shown in figure 6-32,
the air bag consists of a single section subject to shape
and volume changes, whereas the air bellows has two
or more sections. Both types are usually constructed of
fabric-reinforced-rubber sections assembled between
steel end plates. The bellows type of construction uses
one or more annular steel reinforcing rings to divide
the axial length of the bag into several sections and in
crease the practical ratios of length and deflection to
diameter. The rolling bellows is actually a positive
sealing device sometimes used to replace the usual ring
type of piston seal in air cylinders. The device is shown
schematically in figure 6-33. The fold in the sleeve
moves in the annular space between the piston wall
and cylinder wall during relative motion between
these parts.

(b) Pneumatic bellows have very nonlinear
spring characteristics; however, the spring rate tends
to become more linear as the amount of compression
increases. They are self-restoring and not strain-rate
sensitive. Although they do not exhibit any significant
amount of damping, damping can be provided by the
addition of reservoirs to the system. The recom
mended maximum static operating pressure is usually
100 psi. These springs must be inspected regularly to
ensure that the proper static height is being main
tained. In the case of closed systems, the spring cannot
be adjusted to compensate for changes in static load
ing.

(c) The design of pneumatic bellows is not as
simple as that of other springs, since much of the de
sign data are empirical and determined experimentally
for each spring by the manufacturer. Prior to design
ing a pneumatic bellows spring, a data sheet, or plot of
the volume, effective area, and load versus deflection,
must be obtained from the manufacturer of the spring.

(d) The usual design criteria for a pneumatic
bellows spring include the static load, the maximum
spring rate, and the maximum dynamic displacement.

TM5-151-4

With these criteria and the manufacturer's data
sheets, the required characteristics of the spring sys
tem can be determined. For any specific spring and set
of initial conditions i.e., spring height, internal volume
and pressure, and load the dynamic load versus deflec
tion relationships can be determined from the charac
teristic curves and elementary gas laws. The total
available displacement should be twice the specified
dynamic displacement plus a safety margin of about
20 percent.

(e) Pneumatic bellows have not been used to
date in shock isolation for protective structures, but
may be considered for special applications to protect
fragile subsystems.

(4) Constant force isolators.
(a) Cyclic plastic straining of a ductile metal in a

fixed strain range produces a hysteresis loop that sta
bilizes during the flrst few cycles. Repeated cycling re
sults in almost constant energy absorption per cycle
until eventual fatigue failure. Metals such as alumi
num can tolerate roughly 1000 such cycles before fail
ure, while stainless steel or titanium will approach
10,000 cycles before a fatigue failure (Platus et al.,
1973).

(b) The narrower the hysteresis loop, the
greater the cycles to failure and the greater the total
energy absorption at failure. Cyclic plastic straining to
failure results in considerably greater energy absorp
tion than unidirectional straining to failure. Specific
Energy Absorption (SEA) for N cycles to failure is ap
proximately VN times the SEA for unidirectional
straining to failure. These principles are illustrated
qualitatively in figure 6-34.

(c) One type of constant force isolator is shown
schematically in figure 6-35. In this type of device,
the ring or tube elements are compressed slightly out
of-round into the plastic range. Stroking of the device
causes the elements to roll and produces cyclic plastic
bending deformation as the points of maximum strain
are translated around a ring or tube. To ensure that
the elements roll rather than slide, the ratio of squeeze
force to roll force is selected so that the sliding friction
force is always greater than the roll force, i.e., the coef
ficient of friction times the squeeze force is greater
than the roll force. It is desirable, however, to main
tain the squeeze force only as high as necessary to
minimize the tube wall thickness and the device
weight. In another variation of this device, the rolling
element is a torus rather than separate rings.

(d) These units will not return an isolation sys
tem to its original equilibrium position. Final platform
displacement and angle are determined upon removal
of dynamic loads.

(e) These units have not been applied to a pro
tective-structure isolation system, although their
dynamic characteristics lend themselves to optimum
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(a) Air bag spring

~
L..j)

(b) Air bellows spring

Figure 6-32. Typical Pneumatic Bellows Configurations (AJA. 1966)

shock isolation (Platus et al., 1973; Platus, 1973). An
excellent application is to connect these units in series
with a conventional isolator to circumvent bottom-out
situations, particularly where strong probabilistic nu
clear threat conditions exist. This series system is
illustrated in figure 6-36.

(5) Solid elastomer springs.
(a) "Elastomeric" and "rubberlike" are terms

that are often used to describe rubber or similar mate
rials. The term "polymer" is used to designate rubber
in the raw or uncompounded state. Springs made from
these materials are often called "shock mounts" be
cause of their wide use in shock isolation applications.
They are normally used in medium-to-light-duty appli
cations and represent an economical solution to the
isolation of small items of equipment. These springs
are fabricated from a wide variety of natural and syn
thetic rubbers and compounds and in numerous sizes
and shapes, satisfying a wide range of applications.
Because of the range in capacity and characteristics of
commercially available units, only in unusual cases is
it necessary to design a unit. The larger units are usu
ally custom designed for specific applications.

(b) In most applications, the solid elastomer
spring requires little space and exhibits good weight
to-energy storage ratios. In addition to load and deflec
tion, the operating environment should be considered
in selecting an elastomer for a specific application. The
desirable properties of some elastomers can be signifi
cantly degraded when exposed to low or high tempera
tures, sunlight, ozone, water, or petroleum products.

PISTO~

(c) The response of elastomeric springs is non
linear in most applications because of the nonlinear
stress/strain properties of elastomers. The springs are
self-damping because of the viscoelastic properties of
the elastomers. They are almost always in compression
because of bonding limitations, although rubber has
been used in torsion spring applications for the Navy
Bureau of Ships as hinges for bow ramps. Harris and
Crede (1976), Crawford et al. (1973), and Snowden
(1968) contain guidance for the design of elastomeric
springs.

6-3. Active Isolator elements.

a. Active vibration control systems can be con
structed that show better performance than the best
possible passive systems or can accomplish tasks not
possible by passive means. Active systems in general
are more costly, more complex, and therefore less reli
able than passive systems. To date, active means of
shock and vibration control have been limited to cases
where performance gains outweigh the disadvantages
of increased cost, complexity, and weight. In protec
tive facilities, no active shock-isolation systems have
been employed up to this time.

b. Typical active isolator mechanisms include servo
motor-actuated mechanical linkages, variable resil
ience devices containing conductive or magnetic
fluids, and pneumatic or hydraulic valve-operated ac
tuators. The active isolator mechanisms are power
operated in accordance with command signals derived

_____ ROLLING SLEEVE

----r--CYLINDER CHAMBER

Figure 6-33. Rolling Bellows (Sleeve) Configuration (AJA, 1966)
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from feedback control signals.
c. Active isolation of shock and vibration involves

the application of automatic feedback control tech
niques to achieve the major performance objectives of
a very stiff system for constant applied loads (static
force or mass loading and sustained acceleration) and a
very soft system for oscillatory dynamic excitations.
Active isolation systems are servo-mechanisms com
prising excitation and/or response sensors, sensor sig
nal processors, and actuators. The sensors provide sig
nals proportional to dynamic excitation or response
quantities. The signal processors modify and combine
sensor signals to create a command signal. The actu-

ators apply forces or induce motion in accordance with
the command signal.

d. A wide variety of excitation and response sensors
can be employed to provide feedback signals to form a
closed-loop control system. For example, feedback sig
nals can be developed that are a function of jerk, ac
celeration, velocity, displacement, integral displace
ment, differential pressure, or force. The signal proc
essor may consist of an active electronic network that
performs amplification, attenuation, differentiation,
integration, addition, and compensation functions. Al
ternatively, the signal processor can be in the form of a
simple lever mechanism.

en
en
LLI
a::
I-

OSTRAIN

AREA = (SPECIFIC ENERGY ABSORPTION)UNIDIRECTIONAL = SEAUNIDIRECTIONAL

CYCLIC STRAINING WITH
5 CYCLES TO FAI LURE

~~~I-+- STRA IN

SEA = TOTAL AREA~2 SEAUNIDIRECTIONAL

CYCLIC STRAINING WITH
10 CYCLES TO FAILURE

I-I-~'-I--.f-+-f-+++- STRA IN

SEA = TOTAL AREA ~ 3 SEAUNIDIRECTIONAL

CYCLIC STRAINING WITH
25 CYCLES TO FAILURE

1+1'+h~f++H+-/-H~~l./-I-,r- STRA IN

SEA = TOTAL AREA ~ 5 SEAUNIDIRECTIONAL

Figure 6-34. Relation between Hysteresis Loop and Specific Energy Absorption (Platus, 1973)
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e. Power is required to operate the active isolator
mechanisms and, in some cases, is also required for the
signal processor. The requirement of externally sup
plied power is the primary distinguishing characteris
tic between active and passive isolation systems. A ma
jor consideration in the design of active isolation sys
tems is the achievement of an adequate margin of sta
bility while providing a high speed of response.

f. Of the active isolator mechanisms, only the
mechanopneumatic isolator and the electrohydraulic
isolator have so far been developed to the status of
practical, stable operational systems (Ruzicka, 1967).

(1) Mechanopneumatic isolation systems (Ru
zicka, 1968). A schematic diagram of a mechanopneu
matic isolation system is shown in figure 6-37. The
system employs a double-acting pneumatic actuator;
mechanical displacement feedback controls the flow of
a compressible gas to and from the actuator through a
servovalve. The effect of displacement feedback actua
tion of the valve spool is to make the actuator output
force a function of the time integral of relative dis
placement. With integral displacement control, no
static deflection results from mass loading and transi
ent deflections due to sustained acceleration are ini
tially reduced and eventually eliminated.

(a) Integral displacement control can be de
signed to be effective only at extremely low frequen
cies so the isolation system's natural frequency will
not be affected materially. Consequently, vibration
and shock isolation are provided essentially in accord
ance with the stiffness and damping characteristics of
the passive pneumatic actuator.

(b) Isolation system damping may be provided
by an external damping mechanism or a flow-restric
tion damping device inserted between the pneumatic
actuator and surge tank, as illustrated in figure 6-37.

OUTER CYL I NDER

RING ELEMENT
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Surge tanks allow lower natural frequencies to be
achieved, provide excellent resonant vibration control,
and offer a 12 db/octave high-frequency attenuation
rate regardless of the degree of isolator damping used.

(c) The vibration transmissibility of the mech
anopneumatic isolation system with surge tanks is
shown in figure 6-38. Zero and infinite damping are
achieved by providing no restriction and infinite re
striction, respectively, of the cyclic flow of gas be
tween the actuator and the surge tanks. An optimum
degree of damping is required to minimize the reso
nant transmissibility of the isolation system. How
ever, optimum damping is not critical, since a fairly
large deviation from optimum damping results in a
relatively small increase in resonant transmissibility.
When a capillary flow-restriction damping device is
used, the vibration-isolation characteristics of the
mechanopneumatic isolation system (fig. 6-38) are
similar to those exhibited by a linear passive isolation
system employing an elastically coupled viscous damp
er.

(d) Since the bandwidth of active control for the
mechanopneumatic isolation system is relatively nar
row, the speed of response is generally limited and the
servocontrol system may be incapable of following the
high-frequency components of a given shock excita
tion. Integral displacement feedback tends to decrease
the relative displacement to a magnitude lower than
that exhibited by a passive isolation system having an
equal natural frequency, and improved control of dy
namic deflections under shock can be achieved by in
creasing the feedback gain. However, since an increase
in integral displacement feedback gain is equivalent to
a reduction in system damping, such action would be
detrimental to resonant vibration control and system
stability. The hardening passive-stiffness characteris-

INNER CYLINDER

RETAI NER RING

Figure 6-35. Rolling RingEnergy Absorber (Platus, 1968)
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tic of pneumatic actuators generally is advantageous
in reducing the dynamic deflection under shock excita
tion.

(e) Typical transient response characteristics of
the mechanopneumatic isolation system subjected to
acceleration-step excitation are shown in figure 6-39.
The acceleration response is essentially that of a con
ventional passive system with an equal natural fre
quency. However, the magnitude of relative displace
ment is reduced below that of a comparable passive
isolation system and eventually becomes zero. Because
of the integral displacement control, the isolated body
ultimately is returned to its neutral position; isolation
of vibration can be provided during conditions of sus
tained acceleration.

(f) Having eliminated the static deflection and
reduced the dynamic displacement by use of integral
displacement control, it becomes possible to construct
mechanopneumatic isolation systems having natural
frequencies less than conventional passive systems.
Specifically, natural frequencies in the range of 0.5 to
20 Hz can be provided in practical installations. Since
the isolator stiffness can be varied automatically in
proportion to the payload weight by using integral dis
placement feedback to achieve height control, the iso
lation system performance is relatively insensitive to
variations in payload weight. However, because of the
compressibility of the gas and the necessity of having
relatively low gain in the feedback loop to ensure sys
tem stability and good resonant vibration control, the
speed of response of the mechanopneumatic isolation
system is relatively slow. Furthermore, since the effec
tive stiffness characteristic is passive and bilateral,
low-frequency mechanopneumatic isolation systems
are responsive to dynamic excitation imposed on the
isolated mass from sources such as payload dynamics,
acoustic pressure variations, and personnel move
ments. Finally, the physcial size and weight ofthe low-

DISPLACEMENT SENSOR

ACTUATOR

SERVO VALVE
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er natural frequency systems may become objection
able in some applications.

(2) Electrohydraulic isolation systems (Ruzicka,
1968). A schematic diagram of an electrohydraulic iso
lation system is shown in figure 6-40. Multiple elec
tronic feedback signals are processed through a servo
amplifier to create a command signal that controls the
flow of a relatively incompressible fluid to and from a
cylinder through a servovalve. Sensors are employed
to provide acceleration and relative displacement feed
back signals, which are modified in the servoamplifier.
The flow through the valve is made a function of accel
eration, relative velocity, relative displacement, and
the time-integral of relative displacement. The effect
of each feedback parameter may be independently con
trolled by adjusting its gain.

(a) The stiffness of the passive hydraulic actua
tor is high, which provides a high natural frequency
system in the open loop. Upon closing the loop, ex
tremely low natural frequencies can be provided, at
values substantially lower than 1 Hz, since the isola
tion system resonance is created electronically. Typ
ical vibration transmissibility characteristics of the
electrohydraulic isolation system with various combi
nations of feedback parameters are shown in figure
6-41. These are applicable in the low-frequency re
gion, where the effect of the sensor and hydraulic com
ponent dynamics is negligible. For high-frequency vi
bration, the sensor and hydraulic component dynamics
cannot be neglected, and compensation is generally re
quired to ensure a stable closed-loop system.

(b) Pure acceleration (x) feedback provides a res
onance-free transmissibility characteristic that is a
unit lag function lI(Ts + 1), where the time constant
T - Ca/A, C. is the acceleration feedback flow gain, A
is the effective actuator piston area, and s is the La
place operator. The combination of acceleration (x) and
relative displacement (d) feedback provides a response

FLOW RESTR I CT I ON
DAMPING DEVICE

TANKS

Figure 6-37. Schematic Dio.gram of Mechanopneumatic Isolation System Employing Double-Acting Pneumatic Actuator and Surge Tank
Damping Mechanism (Ruzicka, 1968)
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without affecting the natural frequency of the isola
tion system. Finally, the effect of integral displace
ment (Jddt) feedback can be introduced (by use of lead
compensation in the acceleration feedback loop, for ex
ample) without materially affecting the high-frequen
cy isolation characteristics.

(e) The transmissibility characteristics of the
electrohydraulic isolation system shown in figure 6-41
are applicable over a limited frequency range. Degra
dation of high·frequency vibration isolation occurs be·
cause of the effects of hydraulic resonances, which are
determined by the dynamic characteristics of the hy
draulic components and the electronic networks. This
is illustrated by the "active" transmissibility curve in
figure 6-42, which indicates a low isolation-system
natural frequency (created electronically by selecting
appropriate values of feedback gains C. and CJ), and a
hydraulic resonance in the high-frequency region (typ
ically in the range of 50 to 150 Hz). The transmissibil
ity generally exceeds a value of unity at the hydraulic
resonance and, for higher frequencies, the isolation
characteristics are those of a passive isolation system
having a natural frequency associated with the hy
draulic resonance condition.

(f) Improved high-frequency isolation can be

(6-6)
2VC.CJ

~=

and the effective viscous damping ratio ~ = Ctc., is

A

identical to a conventional viscous damped passive iso
lation system. In this case, the natural frequency (in
Hz) is given by

fo = ~ = _1_ VCJ/C. (6-5)
2n 2n

where CJ is the relative displacement flow gain. .
(c) For acceleration (x), relative velocity (0) and

relative displacement (d) feedback, the response is
again identical to a conventional viscous damped pas
sive isolation system. In this case, the natural fre
quency is given above and the effective viscous damp
ing ratio ~ is

Cy + A
~= ~-n

2v'C.Cd

where Cy is the relative velocity flow gain. .
(d) Hence, the addition of relative velocity (d)

feedback provides a means of increasing damping
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provided by introducing a suitable passive isolator in
the form of a flexible coupling in the servo loop, as il
lustrated earlier in figure 6-41. The effect of the flex
ible coupling is to provide mechanical compensation,
which results in reshaping the high-frequency re
sponse characteristics. The isolator mechanism then
provides broad-band isolation, as indicated by the "ac
tive-passive" transmissibility curve shown in figure
6-42. The active mechanism isolates vibration in the
low-frequency region where the passive mechanism
has a unity transfer function. The passive mechanism
provides isolation of high-frequency vibration, where
the isolated body is effectively decoupled from the hy
draulic actuator and the excitation frequency is be
yond the frequency band over which the servocontrol
system is operative.

(g) With proper selection of feedback gains, the
linear system will exhibit the desired position control
and transmissibility characteristics. In response to
shock excitation, however, large dynamic deflections
of linear electrohydraulic isolation systems may result
because of the extremely low natural frequencies that
can be achieved. If nonlinear electronic compensation
is introduced into the acceleration or relative-displace
ment feedback loop, the loop gain changes substantial
ly for relative displacements exceeding an established
linear range of operation. This has the effect of provid
ing a hardening stiffness characteristic with greatly
increased feedback control operating to limit the rela
tive displacement severely and to rapidly reposition
the isolator in its region of linear operation. Such non
linear compensation will result in a higher accelera-
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Figure 6-39. TrallSient Response Characteristics ofMechanopneumatic Isolation System for Acceleration Step Excitation (Ruzicka, 1968).
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tion. However, the isolation system will respond as a
stiff system for only a limited time duration (because
of the automatic and rapid repositioning of the system
to its linear range of operation), after which the full
degree of vibration isolation is restored.

(h) Typical transient response characteristics of
the electrohydraulic isolation system subjected to ac
celeration step excitation are shown in figure 6-43.
Pure acceleration feedback (x) provides excellent con
trol of acceleration but requires an infInite relative dis
placement. As discussed previously, the combination
of acceleration (x) and relative displacement (d) feed
back provides performance comparable to a conven
tional passive isolation system, with the capability of
electronically creating an extremely low natural fre
quency. Additional system damping can be provided
by use of relative velocity feedback. By introducing in
tegral feedback, excellent control of both acceleration
and relative displacement response is provided. A high
speed of response in eliminating the relative displace
ment provides vibration isolation during conditions of
sustained acceleration. Nonlinear electronic compensa
tion can be used to provide even greater reduction of
relative displacements.

(i) As an alternative to acceleration feedback,
the force transmitted by the isolator can be used as a
primary sensor feedback signal. Comparable isolation
characteristics are provided by use of either accelera
tion or force feedback; however, different isolator dy
namic stiffness characteristics will result. For acceler
ation feedback, the isolator stiffness is unilateral; that

is, a very low stiffness is presented to the dynamic en
vironment but a high stiffness is presented to forces
acting on the isolated mass. Consequently, electrohy
draulic isolation systems with acceleration feedback
are relatively insensitive to payload dynamics. For
force feedback in lieu of acceleration feedback, how
ever, the isolator dynamic stiffness is bilateral; that is,
the isolator presents a very low stiffness to both the
environment and payload, and the isolation system is
consequently sensitive to payload dynamics and
changes in payload weight.

(j) The feedback gains for acceleration Ca and
relative displacement Cd determine the natural fre
quency (in a manner similar to the mass m and stiff
ness k in a passive system). The ability to select feed
back gains Ca and Cd over a very wide range (compared
to the limited ranges for the mass and stiffness coun
terparts of these parameters in a passive isolation sys
tem) makes it possible to provide extremely low natu
ral frequencies of electrohydraulic isolation systems
that are independent of payload weight. Electronic
compensation, however, introduces the possibility of
instability, thereby limiting the range of permissible
feedback gains. Natural frequencies in the range of
0.01 to 10 Hz can be provided in practical installa
tions, and even lower natural frequencies are feasible.

(k) Because of the wide selection of feedback
signals, loop gains, and compensation schemes availa
ble, ultralow-frequency vibration isolation can be pro
vided even during conditions of sustained acceleration,
with zero static deflection, a high speed of response,
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Figure 6-40. Schematic Diagram of Electrohydraulic Isolation System Employing Acceleration and Relative Displacement Feedback (Ruzika,
1968).
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and extreme flexibility in shaping the overall frequen
cy response characteristics. The size and weight of the
electrohydraulic isolator is practically invariant with
natural frequency, but could become objectionable for
smaller payloads.

(3) Summary of natural frequency ranges for
mechanopneumatic and electrohydraulic isolators.

(a) Based on experience with actual hardware
systems, a summary of the ranges of practical applica
tion of passive and active isolation systems is pre
sented in figure 6-44. The range of equivalent passive
static deflection associated with the natural frequen
cies included in the comparison is also given.

(b) Passive isolators provide natural frequencies
in the range of 3 Hz and above, with static deflections
that vary with the inverse square of the natural fre
quencies.

(c) Mechanopneumatic isolators can provide
natural frequencies ranging from 0.5 to 20 Hz. Mecha
nopneumatic isolators are sometimes referred to as
semiactive isolators, since relatively low-gain servo
control is employed to maintain a constant height of
isolator. Nevertheless, isolation is provided essentially
in accordance with the passive dynamic characteristic
of the pneumatic actuator.

TM5-1S1-4

(d) Electrohydraulic isolators can provide natu
ral frequencies over the range 0.01 to 20 Hz, with even
lower natural frequencies considered feasible. For nat
ural frequencies less than approximately 0.045 Hz,
comparable passive isolation systems would exhibit de
flections measured in miles.

g. In response to shock excitation, large dynamic
displacements of linear isolation systems may occur
because of the extremely low natural frequencies that
can be achieved. Consequently, it is generally desirable
to harden the effective stiffness characteristics. This is
accomplished automatically in the mechanopneumatic
isolation system, since the isolator stiffness has a
hardening characteristic that is described approxi
mately by a quadratic force-deflection characteristic.
For the electrohydraulic isolation system, nonlinear
electronic circuits can be introduced into the displace
ment feedback loop to substantially increase the loop
gain for relative displacements exceeding an estab
lished linear range of operation. This has the effect of
providing a hardening stiffness characteristic with
greatly increased feedback control operating to rapidly
reposition the isolator in its region of linear operation.

h. The hardening stiffness and feedback effects of
the a~tive isolation systems result in a higher accelera-
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tion being transmitted to the isolated body during se
vere shock excitation. For the electrohydraulic isola
tion system, however, the variety of feedback parame
ters provides considerably more flexibility than do
passive isolation systems in achieving an acceptable
compromise between the acceleration and relative dis
placement response maxima.

i. Applications of active system can be found in Ru
zicka (1968) for an inertial guidance platform (fig.
6-45) and in Calcaterra and Schubert (1968) for a pi
lot's seat (fig. 6-46). Calcaterra and Schubert (1968)
and Bies and Yang (1968) provide examples for heli
copters.

6-4. Samlactlve lsolaton elements (eros
_by.Karnopp, 1973; Karnopp et al.,
1974).

a. Recognizing both the performance benefits as
well as the limitations of active isolation elements, de
signers developed a new concept in isolation. This con
cept involves the application of a controllable force
generator that does not require significant external
power. Called an active damper, this device produces a

controllable force that is derived from the relative ve
locity of its attachment points. Like the externally
powered active element, it can produce forces that are
functions of measured system variables. The variables
are appropriately combined to form a command signal
for the device. Since the device does not utilize signifi
cant external power, its performance is more limited
than that of the fully active force generator.

b. The active damper is a new concept in the control
of shock and vibration. It provides system perform
ance intermediate between that of a passive isolation
system and of a fully active isolation system. The ac
tive damper is an externally controllable force genera
tor where the force is developed by the relative veloci
ty of its attachment points. Essentially a controllable
energy dissipator, it does not require significant ex
ternal power for its operation. Like the fully active
system, its output force is controlled as a function of
measured system variables such as velocities and accel·
erations.

c. During portions of its operation where the com
mand force and available force are in opposite direc
tions, the active damper is controlled to produce essen-
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Figure 6-42. Vibration Transmissibility Characteristics of Electro-Hydraulic Isolation System Demonstrating Use of Passive Isolator in the
Servo Loop to Improve High Frequency Isolation (Ruzicka, 1968).



TM5....S1-4

tially zero force. If the command force exceeds the
available force, the active damper experiences a lock
up mode. which transmits the maximum available
force. Both of these conditions degrade system per
formance relative to a fully active system.

d. There are several ways in which a semiactive
force generator might be realized in practice. Figure
6-47 shows a schematic diagram of an active damper
that resembles a conventional direct acting hydraulic
shock absorber, except that the hydraulic pressure and
hence the force is controlled by a pair of poppet valves.

(1) The force required to open the valves is set by
a torque motor or a staged force amplifier. As figure
6-47 illustrates, one valve sets the compressive force

and the other the tensile force. When a compressive
force is commanded, the compression valve sets the
force when the damper is being compressed. The ten
sile force valve is unloaded and acts like a check valve,
assuring that when the damper is extending, the ten
sion force will be virtually nil. Similarly, when a ten
sile force is commanded, the tension valve sets the
force when the damper is extending. The compression
valve is unloaded so that virtually no compression
force arises if the damper is compressed.

(2) The torque motor or other force amplifier re
quires a small power supply, but the larger damper
force is generated in a passive manner. Hence the de
vice is called "semiactive" and functions as a force and
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power amplifier. The result is that a small amount of
active power controls the vibration through the modu
lation ofa larger amount of dissipative power.

(3) The semiactive system requires sensors such as
accelerometers and relative velocity transducers and a
control unit to command the valve force actuator.
However, the sensors operate at signal power level and
the actuator at lower power. A fully active system
would require, in addition, a high-power actuator with
good frequency response; this would entail a relatively
large power supply and a high-power, fast servomecha
nism. Clearly, any dissipation device that can be modu
lated can form the basis for a semiactive system.

e. Experimental results using standard industrial
valves (not fig. 6-47) are given in figure 6-48.

6-5. Shock-Isolated platforms. equIp
ment. weapons.

a. High quality isolators are only a part of the solu
tion in reducing facility shock to equipment and per
sonnel. Isolators may be used to support platforms,
may be directly connected to equipment, and may
serve as mounts to weapons. The dynamic characteris
tics of the platforms, equipment, and weapons interact
with the isolators and may significantly alter trans
mission characteristics (figs. 5-13 to 5-22 in chap. 5).

b. To attenuate facility shock motions, it is critical
to reduce interaction of the isolated load. Interaction is
normally reduced by ensuring adequate stiffness in
the platforms and equipments. The general rule is to
require that first-mode resonance of the isolated load
be approximately four times the resonance of the load
on its isolation system. For medium-sized systems, this
is not an unreasonable requirement. For large systems,
it has been found that the fIrst torsion or bending
modes are below the equivalent "rigid" body reso
nance.

c. Platforms must be designed for stiffness in bend
ing and in torsion, which will often require numerous
deep "I" beams with both top and bottom plates (figs.
8-3, 8-4). Equipment mounted on platforms can be
braced at their bases; the braces provide further stiff·
ening by acting as doublers or hat sections. Equipment
should be mounted into the platform beams and not in
to the cover plate. Wherever possible, equipment cabi
nets should be bolted together to provide further stiff
ening and improve friction energy loss (Fischer, 1977).
For telephone-rack type of equipment, bridge-types of
structures will be required.

d. The range of parameters for shock-isolated plat
forms used in the Safeguard ABM system is given in
the table 6-2.

PASSIVE STATIC DEFLECT ION, bst ' in.
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Figure 6-44. Practical Ranges ofNatural Frequency ofPassive. Mechanopneumatic. and Electrohydraulic Isolation Systems (Ruzika, 1968).
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TABLE 6-2. SHOCK ISOLATION SYSTEM PARAMETERS (Boyd-Huang, 1977)

Range

Platform Length, ft

Platform Width, ft

Aspect Ratio, L/W

Platform Area, sq/ft

Total Weight, Ib

Platform Weight, Ib

Weight Ratio (total wt/plat. wt)

Density (total wt/area), lb/ft2

Moment of Inertia, in. 4

Frequency (Modal), Hz

Isolators (Numbers)

Total Weight/Isolator, Ib

Isolator Static Loads, lb

Isolator Stiffness, Ib/in.

Isolator Natural Frequency, Hz

Isolator Stroke, in.

Isolator Damping, % of critical

Minimum

4.5

3.0

1.0

15

1,400

400

1.5

59

40

0.6

4

350

50

5

0.1

+4

o

~taximum

77 .0

50.0

15.4

3,136

284,000

132,000

11.8

647

20,095

91. 7

60

18,050

20,000

1,675

2.0

+8

20

e. Vertical transfer inertance functions [XiF(w)]
across two SAFEGUARD platforms are shown in fig
ures 6-49 and 6-50 (Safford-Walker, 1975).
These data are reasonably representative of the plat
forms measured. For figure 6-49, switchgear cabinets
(not connected to each other) were mounted on a rigid
platform having diagonal beams and a bottom shear
panel. For figure 6-50, control equipment, consoles,
and personnel were mounted in box frame with para
lell beams and open bottom. It is to be noted that the
inertance of the smaller platform is 25 times that of
the larger one.

r. A systematic study (experimental and analytical)
of the application of damping materials to shock-iso
lated platforms was conducted by C. F. Vail (1972).

(1) Damping materials were Class II Navy tile,
MIL-P-23653; 3M viscoelastic material SJ20003X;
and spaced constrained layer damping, Lord Mfg. Co.

(2) A stiff and a flexible isolated platform were
used in this study (see fig. 6-51). The span distance of

11 ft was chosen as a typical separation distance be
tween isolators.

(3) The experimental test arrangement is illus
trated in figure 6-52. The three 1000-lb -equipment
cabinets mounted on the platform were specifically de
signed for high structural integrity forces in protec
tive facilities. Excitation by the electrodynamic shaker
was a constant amplitude slow sine sweep (1 octJmin),
10 to 2000 Hz. The transient test for the same fre
quency band was a rapid sine sweep at two amplitude
levels for somewhat over 1 sec duration each.

(4) The several configurations of damping treat
ments to the shock isolated floor are shown in figures
6-53 and 6-54.

(5) Mode shape data were used to calculate the in
herent damping of the specimen from both high level
and low level transfer function amplitudes. The results
are plotted in figure 6-55. It was found that the modes
did not fully develop at the lower input level due to the
resisting inertia of the cabinets. Since the theoretical

6-39
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modes were used to work back to find the inherent
damping and modal development was amplitude de
pendent, it is not surprising that results for the lower
input level indicated higher damping below 30 Hz. A
possible explanation for higher damping with higher
input amplitude at frequencies 30 Hz was the activa
tion of stick-slip friction forces.

(6) A comparison between the calculated inherent

damping for the low bending stiffness specimen and
high bending stiffness specimen is shown in figure
6-56. Note that high damping existed in the frequency
range 20-80 Hz, corresponding to the range where
large cabinet displacements occurred. There are many
interface frictional sources in the cabinet, such as the
back panel and plenum panels, which could cause the
large damping in this frequency range. Interfacial slip-
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page made clear impressions at the cabinet foot and
mounting pad attachment locations.

(7) Effects of damping treatments on the shock
isolated floor are presented in transfer function for
mat in figures 6-57 through 6-61. Damping treat-

ments are compared to each other and against an un
damped platform.

(8) Vail's conclusions regarding the suitability of
damping applications to shock isolated floors are listed
below (Vail, 1972):
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-Inherent damping was found to be more de
pendent upon mode shape than upon frequen
cy.

-Stiff specimens appeared to be far more diffi
cult to damp than relatively flexible speci
mens.

-Free layer damping was ineffective in reduc
ing the overall response of the system; how
ever, it provided excellent attenuation of 10
eal resonant responses.

-Additive damping systems may suppress in
herent damping by reducing the response and
thus reducing interfacial slippage damping in
the structure.

-Although additive damping almost always re
duces the harmonic response, it may not re
duce transient response due to the increase in
area under the transfer function magnitude
plot. That is, as the peaks are lowered, the
valleys in the curve are filled in.
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CHAPTER 7

DYNAMIC ANALYSIS

7-1. Introduction.

a. General. This chapter describes the necessary
dynamic analyses that are required for shock isolation
system design. These analyses include rigid body
analysis, the analysis of multi-degree-of-freedom sys
tems, finite element analysis, and the determination of
rattlespace requirements. These analyses should be
based on a recognition of the requirements and con
straints placed on the shock isolation system. The re
quirements and constraints are briefly reviewed be
low. Several computer programs applicable to dynamic
analysis are described in appendix B.

b. Requirements. A shock isolation system general
ly must satisfy three primary dynamic requirements:

(1) Rattlespace requirement. The displacements
of the shock-isolated platform or equipment must not
exceed the available rattlespace.

(2) Motion-attenuation requirement. The shock
isolation system must attenuate the facility shock
enough to eliminate risk of injury to personnel and
damage to equipment.

(3) Motion-decay requirement. The shock isolation
system must ensure that the motion of the isolated
platform/equipment following a shock dies down in a
short time in order that (a) the system capability to re
sist a second shock is not degraded and (b) operating
personnel are not subjected to the unpleasant or
deleterious effects of sustained vibration.

c. Constraints. Constraints imposed upon shock iso
lation systems are motion constraints, space con
straints, and interfacing elements. Interfacing ele
ments include hydraulic, electrical, and temperature
conditioning connections to the facility.

(1) Motion constraints. Motion constraints rele
vant to protecting equipment and personnel by the.
shock isolation system have been covered in chapter 4.

(2) Space constraints.
(a) Space surrounding the shock isolation sys

tem is a critical parameter where impact with walls,
floors, or adjacent equipment is to be avoided. As the
rattlespace approaches zero, an optimum isolator will
transmit to the isolated platform or equipment an ac
celeration approaching that of the base motion. On the
other hand, as the rattlespace constraint approaches
the facility displacement, an optimum isolator will
transmit a vanishingly small acceleration (Sevin-Pil
key, 1971).

(b) For nonoptimum isolators, if resonance de
velops, accelerations and displacements of the isolated
system can exceed base or facility accelerations and
displacements. The accelerations imposed on the iso
lated systems by space constraints must also be less
than the equipment fragility and personnel tolerances.

(c) Rattlespace limitations can require the appli
cation of nonlinear isolators, impact absorbers (foams,
elastomers, hydraulic or pneumatic bumpers), con
stant force devices, and active and semiactive iso
lators.

(d) Space constraints should be minimized ow
ing to repercussive costs caused by enlarging the facili
ty. The amount of rattlespace required and degree of
sophistication of the isolation system should be subject
to a tradeoff study covering the useful life of the facili
ty. This study should include changes in role or mis
sion; replacement, upgrade, and addition of equip
ment; and changes in threat due to accuracy, yield, and
sequence of attacks. For each confidence level selected,
uncertainties of threat, facility response, shock isola
tion system transmission, and fragility must also be in
cluded.

(3) Interfacing elements. Interfacing elements
possess mass, spring, and damping characteristics that
are often of sufficient magnitude to substantially alter
the performance characteristics of a shock isolation
system. Electrical power and signal cables connecting
the shock-isolated equipment and facility must be sus
pended with large vibration loops to minimize unde
sirable loading. This loading needs to be included in
the performance analysis of the isolation system.
Large cable loops also adversely affect facility space.
Similarly, hydraulic lines, waveguides, and air condi
tioning ducts require flexible connections consistent
with the dynamic motion of the isolated system.

7-2. Rigid body analysis.
a. General.

(1) Rigid-body analysis is essential in the evalua
tion of shock isolation systems, particularly in the
initial development of performance, response, and sys
tem parameter characteristics in the frequency region
bounding resonance. When the platform and equip
ment are lumped as a rigid body, rigid-body analysis
can provide useful preliminary information regarding
the following:

7-1
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- Resonance characteristics
-Modal coupling
-Relative displacement (isolator stroke and

rattlespace requirements) time history and
frequency response

-Relative velocity time history and frequency
response

-Acceleration time history and frequency re
sponse

-Stability of isolation system
-Sensitivity of location of center of gravity

and elastic centers
-Dynamic loads on isolators, isolator attach

ments, and isolated equipment
-Cable slack and cable whip in pendulum

systems
(2) Using rigid-body analysis, these characteris

tics can be studied with relative economy. Therefore, a
sufficient number of iterations can be perfonned to es
tablish the general performance and specification re
quirements for a shock-isolated system. Based on the
results of these studies, the isolation system can be
optimized with respect to a performance index, design
constraints, and environmental excitation (Sevin-Pil
key, 1971).

(3) An important descriptive parameter in rigid
body analysis is the number of degrees of freedom. The
number of degrees of freedom of a vibrational system
is the minimum number of coordinates necessary to
define completely the position of the mass elements in
space.

(a) A rigid body such as any of those shown in
figure 7-1 can vibrate with six degrees of freedom
(three translational and three rotational).

(b) An arrangement of isolators and dampers,
such as shown in figure 7-1d, provides three planes of
symmetry. The center of gravity of such a system can
be described by six independent equations of motion.
In practical applications, one or two planes of symme
try are generally found.

(c) The properties of a rigid body that are sig
nificant in dynamics and vibration analysis are the
mass, the position of the center of mass (center of
gravity), the moments of inertia, the products of
inertia, and the directions of the principal inertial
axes.

b. Linear systems.
(1) The vibration of a rigid body on resilient sup

porting elements and damping elements can be de
scribed under the following assumptions. The springs
as resilient supporting elements are linear, having no
mass or energy-dissipative characteristics. The spring
consumt, K, is the ratio of force, F, to relative dis
placement, Xr :

(2) Damping elements are massless and have no
spring characteristics. The damping coefficient, C, is
the ratio of force, F, to relative velocity, Vr :

andasuln = K,~ = ~=-C-,andf(t) = _~,
m Cc 2v'XiD w~

Zr + 2~Wn Zr + % Zr = uln f(t) (7-7)

with w" = V¥ being the undamped natural fre
m quency.

(7-2)

(7-4)

(7-3)

(7-5)

C=
F
Vr

(3) For a single-degree-of-freedom system such as
that in figure 7-2, with excitation in the vertical (Z) di
rection, damping is generally expressed as a fraction
or percentage of critical damping (Cc):

~= ~ = _c_
4 2v'Km

where Cc = 2v' Km is the critical damping coefficient,
and m is the mass of the resiliently supported body. Cc

is the smallest value of C for which the free damped
motion is nonoscillatory and ~ is the damping ratio. An
alternative damping ratio is the commonly used sym
bol Q, sometimes called the quality factor, which is de
fined by

Q
_ 1 _ v'Km
-------

2~ C

(4) In figure 7-2, the XZ and YZ planes are planes
of symmetry, since the four resilient supporting ele
ments are identical and are located symmetrically
about the vertical Z axis. Vertical motion of the foun
dation, Zo, Zo, or Zo, will result in vertical translation
of the resiliently supported mass. This motion can be
expressed as follows:

mZ + C(Z - 2:0 ) + K(Z - Zo) = 0

where
m = Mass of the resiliently supported

body
C = Total damping coefficient (C = 4c,

where c is the damping coefficient for
each spring)

K = Total spring constant (K = 4k, where
k is the spring constant for each
spring)

Z,Z,Z = Displacement, velocity, and accelera-
tion of the mass

Zo,Zo = Displacement and velocity of the
foundation

(5) Setting relative displacement Zr = Z - Zoo
equation 7-5 is changed to:

Zr + (~ ) Zr + (~) Zr = - Zo(t) (7 -6)

(7-1)F
Xr

K=
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(6) If the excitation function f(t) is a simple
harmonic function with frequency w, amplitude a, and

phase angle ,:
f(t) =a cos(wt + ,)

TM5-151-4

(7-8)
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(7-9)

+ j2~ : ]

The solution to equation 7-7 then consists of two parts: a free vibration superimposed on a steady forced vibration
(complimentary function and particular solution). The result is

Aeiwt

where B is a complex constant of integration dependent upon initial conditions (starting transient). When the
transient has disappeared, steady-state harmonic motion results at the same frequency as the excitation input. In
addition to solutions for sine wave inputs, solutions are also available for excitation inputs of step functions, square
waves, triangular pulses, half-sine pulses, etc. (Jacobsen-Ayre, 1958),

(7) Setting Z=jwZ and Z=- CJi2Z and transforming f(t) to the frequency domain as F(w), equation 7-7 can be
represented as a system function (sometimes called magnification factor) H(w):

(7-10)(w) =

..
Z
F

H(w) =
[ 1 - (:) 2 + j2~ ( :) ]

H(w) may be interpreted as the complex ratio of the acceleration of the mass to an externally applied force. Other
forms of this function may also be used, such as the complex ratio of velocity to force:

(7-11)

(7-12)1

JW

2

(w) =Z
F

H(w) =

and the complex ratio of displacement to force:

H(w) = ~ (w) =

(7-13)(w) =t{w)=

(8) The real and imaginary parts of H and the magnitude IHI are given in figure 7-3 as functions of w for
moderate dampL'lg (~ =0.1 or Q =5). When w <<w", the output is nearly in phase with the excitation; when w >>
w", the displacement lags the excitation by almost 180 deg; the change in phase is most drastic in the neighborhood
of w = W n , where the phase lag is 90 deg.

(9) When the damping is light (Q ~ 10) the resonance peak in IH(w)1 occurs approximately at w =w" and the
curve is approximately symmetrical for small variations in w about w =w". The peak amplitude is approximately Q
= Y2~ and the amplitude falls to 0.707 times this at the points PI and P2 with frequencies w" (1 ± %Q) =w" (1 ± ~),

as shown in figure 7-4. These points are called the half-power points because the power that can be absorbed by a
dashpot from a simple harmonic motion at a given frequency is proportional to the square of the amplitude. The
frequency difference between the half-power points is often referred to as the bandwidth of the system, or BW =
w.,/Q =2~w".

(10) Another useful ratio is the complex ratio of the relative displacement (Zr) to the foundation displacement
(Zo), as given in equation 7-13 and sketched in figure 7-5.

(:)2

(7-14)

(11) As discussed in chapter 3, transfer functions are ratios of like variables, such as force-out to force-in or ac
celeration-out to acceleration-in. The transfer function in the vertical direction for figure 7-2 is expressed for ra
tios of displacement, velocity, and acceleration of mass and of base motions as:

." [ 1 + j2~(- W )']

Zo Z Z w"
t{w) = - - -
~ - Zo - Zo - [ 1 _ ( :) 2 + j2~ ( ~ ) ]

The absolute value of equation 7-14 is the same as the sions of equations 7-10, 7-11, and 7-12 by complex
function sketched in figure 7-3. multiplication with the transient input force in the

(12) Response time histories may be determined frequency domain and then inverse transformation to
for the resiliently supported mass from the expres- the time domain:
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For a wide variety of transient input functions and for
not-too-complicated models of shock isolation systems,
Laplace solutions can be readily obtained with the use
of small calculators and tables of Laplace transforms.

(15) Horizontal base motion in either the x or y

where
Z(t), Z(w) = Time history and frequency response of

spring mass
F(w) = Fourier transformation of input forcing

function, f(t)
H(w) = System function of shock isolation sys-

tem

The transient input force f(t) must first be Fourier
transformed to F(w) and then complex-multiplied with
H(w). Z(w) is the frequency response of the resiliently
supported mass; when Z(w) is inverse-transformed, it
yields the time history response. Solutions of this type
require a digital computer equipped with a fast Fouri
er algorithm.

(13) Base motions of acceleration, velocity, or dis
placement time histories are similarly used to compute
the response of the isolated mass by using the transfer
function of equation 7-14 as:

Z(t)(=)Z(w) =Zo(w)T(w) (7-16)

where
Z(t),Z(w) = Time history and frequency response of

spring mass
Zo(w) = Fourier transformation of base motion

time history, Zo(t)
T(w) = Transfer function of shock-isolated sys-

tem

This method of response computation is also applied to
much more complicated systems than that shown in
figure 7-2. The method can be applied to both analytic
and measured transfer and system functions. The
plots of transfer functions shown in figures 5-13 to
5-22 were convolved with facility base motions to pre
dict motion-time histories on the isolated platforms
(Safford-Walker, 1975). With the motion time his
tories on an isolated platform, shock-response spectra
can be easily calculated.

(14) Another form of solution to equation 7-6 is
by Laplace transformation:

.. . ..
Z + 2Cwn Z + ~Z =-Zo(t) (7-6)

(S2 + 2Cwn s + ulu)z(s) =- £Zo(t) =zo(s)

z(s) = 1 . £ _ i.(t) (7-17)
[(s + CWo)2 + w~ (1 - C2)] __

----- input
system function function

and by inverse Laplace transform to the time domain:

Z(t) =£-1 Z(s)

(7-15)

(7 -18)

TM5-858-4

axis of figure 7-2 will induce translation and rotation
in the shock-isolated system simultaneously. Base mo
tion (Xo) of the system in the x-direction results in the
following differential equations of motion:

mX + 4Cx eX + az~ - Xo ) + 4kx (X + az{3 - Xo ) =0

Iy~ + 4Czaib - 4azCx(X + az& - X.o) + 4kzai13
- 4azk x(X + aztJ - X o) = 0 (7-19)

Solutions to equation 7-19 are found similarly to that
for the previously described vertical motion case. The
transfer function magnitude at point 1 of figure 7-2
for equation 7-19 is given in figure 7-6 for specific
parameters. Changing parameters will shift both the
resonances and amplitudes in the curve.

(16) The foregoing discussion of rigid body model
ing of a linear shock isolation system was provided to
indicate a method for preliminary analysis. A compre
hensive study of rigid-body isolation is provided in
chapter 3 (by Himelblau and Rubin) and chapter 40 (by
Crede and Ruzicka) of Harris-Crede (1976). These
chapters are recommended for additional information
of use in actual applications.

c. Nonlinearsystems
(1) Nonlinear systems yield responses that are

other than directly or inversely proportional to a given
input variable. Many shock isolation systems contain
nonlinear elements either by design or from the physi
cal nature of the isolation elements.

(2) Many spring elements contain nonlinear or
stiffening springs near the limits of their maximum
displacements to prevent impact bottoming or exten
sion beyond the spring's stress limits. Pendulum sys
tems incorporating a spring in series also have nonlin
ear characteristics (Parsons, 1962). Damping elements
are available with a variety of physical properties oth
er than the classical velocity proportional. These non
linear damping devices are classed as Coulomb (fric
tion), hysteretic, nonproportional (velocity-squared),
discontinuous, and servocontrolled.

(3) Constant-force isolation devices such as the
rolling ring torus and versions of the liquid spring
(chapter 6) are also classed as nonlinear. Impact of the
isolated platform or equipment with the rattlespace
boundaries, or the use of snubbers (foam bumpers) to
absorb rattlespace impact, are other highly nonlinear
effects that must be considered.

(4) The dynamic equations of motion of a nonlin
ear discrete mass system are formed, and the coupled
response is obtained in steps corresponding to specific
instants of time. The general solution approach on dig
ital computers is that at a given time the motions are
held fixed so that the internal forces can be calculated.
Based on the response motion and internal forces at
earlier times, the responses at the time in question are
predicted. With the predicted values of the motion, the
internal forces are recalculated. Using these forces, a
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new response motion can then be determined. There
fore, at each time step, the relationship between the
response motion and the internal forces is satisfied.
This process is continued step-by-step throughout the
time interval of interest. The numerical method used
for this step-by-step solution involves two types of in-

tegration formulas. The fourth-order Adams-Bash
forth "2/3" predictor-corrector method (Ralston-Wilf,
1964), which is a stable solution method, is used for
most of the solution. However, this method is not self
starting, so the fourth-order Runge-Kutta method is
used to start the solution process.

z
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z

POINT 1®-1--r
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XeDI
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z
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u.s. Army Corps of Engineers

Figure 7-2. Example ofa Rigid Body on Orthogonal Resilient Supporting Elements with Two Planes of Symmetry
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(5) In addition to the step-by-step solution of the
nonlinear equations of motion, the natural frequencies
and mode shapes of the elastic system can also be ob
tained by solving the eigenvalue problem using the
sweeping technique (Hurty-Rubinstein, 1964). This
technique uses a power method (i.e., an iterative
method) and the orthogonality relationships among
the normal modes.

(6) Sensitivity studies similar to those for the
rigid-body linear system should also be run to account
for statistical variations and uncertainties. In addi
tion, expected waveform variations of input motions
from the facility must be determined due to isolation
system nonlinearities. A unique input will explicitly
define a unique response; whether or not the response
represents maximum notions can be determined only
by identification and systematic variation of critical
input parameters.

d. Optimization
(1) Optimization is implicit in the design process.

Isolation devices act to reduce the undesirable effects
of shock and vibration on critical equipment elements
and personnel. Selection of isolators for optimum sys
tem performance requires the following steps (pilkey·
Pilkey, 1975; Sevin-Pilkey, 1971):

-Define the independent parameters of the
problem.

-Mathematically define the constraints, which
are the limits imposed on each of the system

parameters or any particular combination of
them.

-State the functional constraints, which are
the physical laws governing the behavior of
the system under consideration.

-Develop a suitable criterion for decision that
mathematically expresses the objective of the
designer. It is possible that this criterion will
vary according to the judgment or goals of
the individual designer.

-Develop effective search techniques for sys
tematic investigation of feasible solutions for
the design with the highest possible merit
value.

The first three steps deal with the description of the
design domain, which includes all feasible solutions.
The boundaries of this domain are defined by the con
straints. The last two steps define the objective and
the search strategy to attain this objective.

(2) A shock isolation system can be defined as "op
timum" if the relative displacement between the base,
support, or the facility and the isolated item (the rat
tlespace) is minimized for a given allowable maximum
acceleration experienced by the isolated item, or if the
maximum acceleration of the isolated item is mini
mized for a given amount of rattlespace, for any specif
ic forcing function of interest.

(3) The above may further be illustrated by figure
7- 7, where the limiting performance characteristic is

1000 r---::"c-----,------,------r------,

c 0.001 ~I

c 0.01 I
100 I---------i=-ir-----+-------f---------t

10
z
0

t-
Ll
Z 1.0::>
lJ..

tY
W
LL
Ul 0.1z«cr:
t-

0.01

0.001

0.0001
10 100 1000

EXCITATION FREQUENCY-f, Hz
10,000

Figure 7-6. Transfer Functions for System Shown in Figure 7-2 at Point 1 for Horizontal Base Motion (X Direction)(Harris-Crede. 1976)
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shown in normalized form relative to the maximum
displacement Dr and maximum acceleration Af of the
input disturbance. In this form, the intercepts are the
points (1,0) and (0, 1)which correspond to the extreme
situation of the rigid connection and a constant-force
isolator, respectively. In other words, as the rattle
space constraint approaches zero, the optimum isola
tor will transmit an acceleration approaching that of
the base motion. Alternatively, as the rattlespace con
straint approaches the base displacement, the opti
mum isolator will transmit a vanishingly small accel
eration. While isolator performance is of interest be
tween these limits, it may be noted that nonoptimum
isolators easily can exceed them. For example, a suffi
ciently stiff, but not rigid, linear spring will transmit
twice the peak base acceleration, whereas the mass
could undergo an excursion far in excess of the base
displacement if a resonant condition develops (Sevin
Pilkey, 1971).

(4) The studies of Platus (Platus et aI., 1973;
Platus, 1973) and supported by Liber and Sevin (1966)
and Klein (1971) led to the conclusion that for many
waveforms, a constant force isolator provides the best
possible solution in the tradeoff betwen shock attenua
tion and rattlespace. Certain problems remain to be ex
plored in constant force isolators with respect to seal
friction (deadband or uncertainty in equilibrium posi
tion), overshoot and performance reduction when used
with mechanical cables, efficiency of liquid springs in
approaching constant force characteristics, high fre
quency transmission, and effect of low velocity im
pacts.

(5) Optimization studies have evolved over the
years (Liber-Sevin, 1966; Klein, 1971; Platus et aI.,

TM5-1~

1973; Platus, 1973) and have led in large part to the
development of the computer codes listed in appendix
B.

7-3. Multlclegree-of-freeclom analysis.

a. General. The analysis of multidegree-of-freedom
systems can be described more specifically as the anal
ysis of discrete-parameter systems consisting of a fi
nite number of lumped masses interconnected by
springs and dashpots. The number of degrees of free
dom of a system equals the number of independent co
ordinates necessary to completely specify the configu
ration of the system. Figure 7-8 illustrates a typical
lumped parameter model of a shock-isolation system.

b. Lumped parameter method.
(1) By applying Newton's laws of motion to each

component of the lumped parameter system with n de
grees of freedom, a set of n coupled differential equa·
tions of motion is obtained. In general, these equations
can be expressed in matrix notation as follows:

.:+ .... .... ~

[m] x + [C] x + [K] x =F(t) (7 -20)

where
[m] = Mass matrix of order n x n
[C] = Damping matrix of order n x n
[K] = Stiffness matrix of order n x n...

Displacement vector of order nx =
-+ Velocity vector of order nx =

--~-

Acceleration vector of order nx =
F(t) = Excitation vector of order n

(2) In general, multidegree-of.freedom shock is0
lation systems give rise to nonlinear differential equa
tions of the type shown in equation 7-20. For exam
ple, the presence of snubbers and velocity-dependent
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Figure 7-7. Normalized Form ofLimitingPerformance Characteristic
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damping elements results in amplitude-dependent re
storing forces. Typical nonlinearities that are encoun
tered in practical cases are shown in figure 7-9.

c. Solution techniques. The nature of the dynamic
system has a significant influence on the methods of
solution that can be used in conjunction with equation
7-20.

(1) Linear systems. Given a linear elastic struc
ture and a specific excitation time history, then the
most commonly used methods to solve its governing
equation of motion as expressed in the form of equa
tion 7-20 are as follows:

(a) Solve the equation directly by some finite
difference or numerical integration scheme. (For a de
tailed discussion, see Bathe & Wilson, 1976.) In the di
rect integration of equation 7-20, a step-by-step nu
merical integration procedure is used to obtain the s0

lution by the time-marching techniques, in which
equation 7-20 is satisfied only at discrete time inter
vals At apart. It is implicitly assumed in this approach
that the displacements, velocities, and accelerations
within each time interval At is "smooth" enough that it
can be approximated by an assumed form (e.g., linear

variation of acceleration). The commonly used direct
integration methods are the central difference meth
od, the Houbolt method, the Wilsom 8 method, and the
Newmark method.

(b) Find the natural frequencies and mode
shapes to decouple the equations, solve the decoupled
equations, and then find the response variables of in
terest. Details regarding this subject can be found in
Biggs (1964) and Clough and Penzien (1975). Standard
computer routines are available to obtain the eigen
values (natural frequencies) and eigenvectors (charac
teristic shapes) of general linear systems. An extreme
ly important property of normal modes is the fact that
any two modes are orthogonal. This can be expressed
in the form:

j

:I mr am arm = dnm mn

r=1

where subscripts
n,m = Any two normal modes of the system
r = Index referring to the rth mass out of a to-

talj masses

EQUIPMENT

EQUIPMENT

PlATFOR14

______------------NON-lINEAR ISOlATOR--- _
~CB

I fx Xx
c.....-----V:: "A"

A BASE MOTION

U.S. Army Corps of Engineers
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YB BASE HOTION

Figure 7-8. Lumped Parameter Model ofa Shock Isolation System
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aij = Magnitude of eigenvector (mode shape)
number j at location number i, i.e., aij =
Ai(j)

The symbol dnm represents the Dirac delta function de
fined as 1

f(w.-) = - ifR; =Zi = (Xi - y)or
w,. f(w.-) =w,

if R; = Xi
Y =Displacement of the base motion
Xi =Absolute displacement of mass mi
Zj =Relative motion of mi with respect

to its support

where R; is the response (displacement, acceleration,
etc.) of mass mi

f(w.-) = A function of the natural frequencies of the
system,

(7-22)

(7-23)

= {~~j
ii'j

i = j

With the help of the orthogonality condition, the solu
tion of equation 7-20 with a slight amount of damping
and subjected to base excitation Y(t) is

n
Ri = ~ f(w.-) {P.F. }i(r) s,,(r) (t)

r=l

FORCE F(x)

DISPLACEMENT

RATTLE
SPACE

x

Ca) Dead-space nonlinearity Cb) Hardening restoring force

F(x, x)

x
y

x x

(c) Elasto-plastie system Cd) Hysteretic behavior

U.S. Army Corps of Engineers

Figure 7-9. Typical Nonlinearities
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where
[H(w)] = (- w2[M] + jw[C] + [K])-l (7-31)

H(w) = System transfer function
J = v=r

Having equation 7-29, the response {x(t)} may be ob
tained by taking the inverse Fourier transformation.
Details regarding this topic are available in Meirovitch
(1967).

(d) Without deriving equation 7-20 mathemati
cally find the response hxF(t) at the response points of
interest to unit impulses applied at the load points of
interest. Then the response to any timewise inputs F(t)
are, by the use of the convolution integral for tran
sients,

{Xj(t)} = I: [hXF(t - T)]{ Fh)} dT (7 -32)

The impulse response function [h(t)] is the Fourier

transformation of the function [H(w)] in equation
7-30.

(e) Determine the elements of the matrix [H(w)]
directly by using sinusoidal inputs, since for such in
puts and responses, the same [H(w)] appearing in equa
tion 7-30 is obtained, that is

{i eiwt
} = [H(w)]{ f eiwt

} (7-33)

The development and use of the dynamic stiffeners
functions in [H(w)] are discussed in detail in Neubert
(9177).

(2) Nonlinear systems. For this class of problems,
the only feasible analytical technique available relies
on the numerical integration approach discussed ear
lier. A typical computer code the can handle nonlinear
analysis and that is in the public domain is NONSAP.
This program is capable of solving dynamic response
calculations in problems with material as well as geo
metric nonlinearities. This program is available from
University of California, Berkeley, for use on CDC
computers, and from University of Southern Califor
nia for use on IBM computers.

7-4. Finite element analysis.

a. The finite element method is a powerful numeri
cal procedure for solving the mathematical problems
of engineering. Its applications range from the analy
sis of the structural framework of an aircraft or an au
tomobile to that of a complicated thermal/fluid me
chanical system. The particular advantages to using
the method for structural dynamic problems are the
following:

-Generality of the structure or continuum that
can be analyzed

-Relative ease of establishing equations of mo
tion

-Good numerical properties of system motions
involved

Some of the widely used finite element codes are SAP
IV, V, VI, NONSAP, NASTRAN, and STARDYNE.

b. Numerous technical papers and books are avail
able regarding this subject matter. A detailed bibliog
raphy of the available publications is given in Bathe
Wilson (1976).

7-5. Rattlespace requirements.

a. Establishment of rattlespace requirements is crit·
ical for space allocation in a protective facility and in
sizing of the facility. Rattlespace requirements can
best be established in terms of probability and confi
dence (e.g., 1 percent probability at 90 percent confi
dence) that the shock-isolation system will impact the
facility (AA, 1978). Impact also includes extension or
compression of isolators to their physical limits
(stops).

b. The conventional procedure to determine rattle
space is by calculation (finite element or lumped para-

(7-27)

(7-29)

(7-30)

(7-26)

(7-24)

n

Atr) ~ mA(r)
1 j=l J J

n

~ mjAtt
j= 1

(- w2[M] + jw[C] +[K]X x(w)} + {F(w)}

or {x(w)} = [H(w)]{F(w)}

{P,F.}irl =

is a modal participation factor
= ith mode shape
= D~ees of freedom of system

= J: Y(T) e-W~r<t-T)sin w,.(t - T) dT (7 -25)
= Support acceleration time history
= rth eigenvalue (frequency) of the system
= Ratio of initial damping in mode r of the

structure

The general form of R j , the response parameter from
equation 7-23, is

n

Rj = ~ Rir)(t)
r=l

Equation 7-26 can be applied as is to obtain the exact
solution for modal superposition. For conservative es
timates, Ri can be found from

n

Rj ~ ~ IRirllmax
r=1

The most commonly used method of approximate
modal superposition is the square-root-of-the-sum-of
squares method RSS):

Ri = ~fR(r)l~ (7-28)

(c) Take the Fourier (or Laplace) transformation
of equation 7-20 to convert from the time domain t to
the frequency domain w, so that equation 7-20 be
comes
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(7-34)

meter) of the relative displacement between the shock
isolated platform and the facility. These calculations
apply to the rattlespace perimeter of the platform for
the worst-case attack directions.

c. There is a strong tendency in facility design to
minimize rattlespace. In many cases, severe reductions
in rattlespace allowances lead to significantly higher
costs and, because systems are more complex, to re
duced confidence in the ability of systems to meet the
attenuation requirements. For facilities in high-over
pressure regions, where the cost-per-unit volume of
structure is high, it is expected that optimum overall
design should be minimize rattlespace. The resulting
loss in confidence in the isolation system in such cases
might be regained by more comprehensive analyses
and tests. However, in moderate- or low-overpressure
regions it is doubtful that significant cost saving can
be realized by severely limiting the available rattle
space. Regardless of conditions, the isolation-system
designer should make a strong effort to maintain rat
tlespace requirements within reasonable limits. This
can be achieved by careful arrangement of supported
equipment and by proper selection of suspension con
figurations and components. In many circumstances
and within certain limits, a reduction in the displace
ment relative to the facility can be accompanied by a
reduction in the severity of the shock-isolated environ
ment. If possible, reductions in rattlespace should be
achieved by improvements in efficiency rather than by
additional complexity. One method is to group equip
ment together and to shock mount the complete as
sembly, thus requiring a much smaller total rattle
space volume than had each of the items been shock
isolated individually. Other methods for minimizing
rattlespace are the selection of suspension configura
tions such that coupling between rigid body modes is
minimized, and by separating its modal frequencies.

d. Damping in both rotational and translational
modes can also be effective in reducing rotational dis
placements. As the energy in rotation is due principal
ly to a transfer from a coupled transitional mode, a
rapid dissipation of energy in the translational mode
will reduce the amount of energy transferred.

e. A preliminary estimate of rattlespace require
ments must often be made prior to the selection of the
isolation system configuration and components. A rule
of thumb is to specify rattlespace in each of the three
orthogonal gravity-oriented coordinates equal to ap
proximately twice the displacement indicated on the
appropriate actual system in that coordinate. This rule
of thumb should be applied only to highly stable sys
tems in which the load is reasonably compact, there is
no rotational component of the shock, and the system
is well balanced statically and dynamically and is
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damped. The conservatism of this rule of thumb has
been demonstrated both by analysis and by experi
ment.

f. Uncertainties and random variation applicable to
the weapons threat, facility response motion, and is0
lated platform response motion must be included in
the determination of rattlespace. Uncertainties in
platform motion prediction may be particularly acute
where weights and mass distribution of shock-isolated
equipment are not well defined.

g. An alternate procedure for rattlespace determi
nation is in process of implementation under the spon
sorship of the Shock Physics Directorate, Strategic
Structures Division (SPSS) of the Defense Nuclear
Agency (DNA). This rattlespace procedure is a statisti
cal approach where the rattlespace provided is identi
fied as the capacity, C, and the dynamic displacement
of the shock-isolated platform or equipment as the de
mand, D. Then D may be put in the form

D=dQ

where
d = Facility shock displacement
Q = Modal coupling factor

Because the shock-isolated platform/equipment is a
low-frequency system, the relative displacement be
tween it and the cavity is equal to the absolute dis
placement of the facility, i.e., the shock isolation sys
tem attachment points.

(1) The displacement d represents the displace
ment of the mass center of the isolated system. The
displacement of some corner of the isolated system
may exceed the displacement of its mass center be
cause of pitching motion resulting from coupling
among the mormal modes of the shock-isolated plat
form. Such a magnification of the displacement is ac
counted for by modal coupling factor Q.

(2) To varying degrees, each variable of the Capa
city and the Demand embodies both random and non
random uncertainty. The random uncertainty, or vari
ability, cannot effectively be reduced by gathering
more data or by conducting research and development.
The nonrandom uncertainty, on the other hand, can be
reduced by gathering more data or by conducting re
search and development, since it reflects parameter
estimation and modeling errors, i.e., it reflects igno
rance. Random uncertainty is used as the basis for
probability calculation; nonrandom uncertainty is
used as a confidence statement.

(3) Except for separation of random and nonran
dom uncertainty for the purposes stated above, the
methodology is identical to that of Ang-Cornell (1974).
The methodology was published by DNA circa 1979
and may be used for rattlespace determination.
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CHAPTERS

DESIGN PROCEDURES

2

(8-1)=F1z (tension)

larly when the position and orientation of the equip
ment is critical to its function.

c. Once an appropriate test program has established
that the equipment can survive the specified shock
loadings, the attachment to the supporting structure
can be designed. Descriptions of two different ap
proaches for defining attachment design loads follow.

(1) Equipment mounted on nearly rigid struc
tures. When the equipment is attached directly to the
external walls or floors of the structure and when the
structure is nearly rigid (fig. 8-1a) the following ap
proximate procedure should be used to define attach
ment design loads:

Step 1: Assume the response acceleration of the
equipment at its e.g. is equal to the resultant of the
horizontal and vertical accelerations given by the con
stant acceleration region of the shock spectrum en
velope. These accelerations applied to the equipment
mass are the forces used for design of the supports.

Step 2: Consider the forces determined in Step
1 to be either in phase or out of phase, and determine
the case that causes maximum reactions at the support
points. For example, in the symmetrical system shown
in Figure 8-1b, the maximum reaction is as follows:

Fz Fxh+ -
2b

1-1. Introduction.

a. This chapter describes design procedures for
shock isolation systems. Because there are many pos
sible design approaches and analytical sequences in
the resolution of a design problem, detailed and fixed
step-by-step procedures impose unnecessary restric
tions on the solutions and confound one's understand
ing of the critical design problems. Thus, this chapter
presents a sequence of procedures to insure that most
of the relevant design alternatives and problems are
considered and that the appropriate methods are ap
plied to the design. Lessons leamed, conclusions and
recommendations regarding the many platforms in
stalled in the Safeguard Missile complex are provided
at the end of this chapter in paragraph 8-4 (Bradshaw
Sonnenberg, 1978).

b. The analyses of facility environments, equipment
fragilities, and personnel tolerances described in ear
lier chapters will have indicated the extent to which
shock isolation is required or whether hard mounting
of equipment is feasible. Tradeoff and cost-effective
ness studies, also alluded to earlier, may have influ
enced this decision. Accordingly, this chapter dis
cusses two subsequent considerations: The hard
mounting of equipment that is sufficiently rugged to
withstand the shock-induced loads without failure or
malfunction; and design approaches to shock isolation
system.

where M is the mass of the supported equipment.
(2) Equipment mounted on flexible structure ele

ments. When the structural elements, or system of ele
ments, on which the equipment is mounted has a nat
ural frequency less than five times the equipment fre
quency, the flexibility of the system of elements must

The terms in the preceding equation are defined in fig
ure 8-1b.

Step 3: Design the anchors to remain elastic (up
to yield) for the combined reactions (worst case) deter
mined in Step 2. If yielding of the anchors or attach
ment pieces is acceptable (that is, if a ductility ratio of
J.I > 1 is allowed for the attachment elements), the de
sign may be modified accordingly, based on elastic
plastic shock spectra.
The reactions are based on the modified forces:

8-2. Hard-mounted systems.
a. When off-the-shelf equipment is available to per

form a desired function, it is usually less expensive
than specially designed equipment. However, there
may not be adequate data on the performance of off
the-shelf equipment under the shock environment. In
this case, special proof-testing of such equipment will
be required (app. A and chap. 4). In contrast, specially
designed equipment, which may cost more to procure
or develop, often has more complete performance data
and therefore may not require additional testing.

b. Even if tests show that the equipment itself will
perform well during and after the shock loading, im
properly designed attachments could lead to reduced
effectiveness or failure. Therefore, the attachments of
the equipment to the structure must be carefully de
signed to provide support without inducing adverse
loads and to avoid permanent displacements, particu-

(8-2)
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be considered when defining the equipment anchor
loads. The following approximate procedure should be
used in this case:

Step 1: Determine the mode shapes, frequen
cies, and participation factors of the significant modes
for the coupled support-structure/equipment system.
These parameters can be determined by various
methods, depending on the degree of complexity of the
structure. For a simple support-structure system, such
as the single beam anchored to nearly rigid walls of the
hardened facility, approximate methods can be used.
If the support-structure complexity does not permit
use of approximate methods, then computerized analy
ses of finite element models of the coupled lItruc
turefequipment system should be used. A case of this
type might be a multistory support structure within a
hardened structure enclosure.

Step 2: Define the damping ratio for all signifi
cant modes of the coupled support-structure/equip-

ment system. Approximate techniques for carrying
out this step are described in chapter 7.

Step 3: Assuming that the input motions at the
base of the support structure are defined in terms of
response spectra of horizontal and vertical motion,
enter each spectrum at the frequencies of the signifi
cant modes of vibration to obtain the modal displace
ment amplitudes.

Step 4: Obtain for each mode of vibration the
moments and shear forces at the anchor attachment
points of the equipment. Such values, determined ana
lytically, must be obtained once for horizontal input
motions and once for vertical input motions. Combine
these modal responses using a root-sum·square ap
proach to obtain the total moments and shear forces
for each type of input motion.

Step 5: Combine the anchor moments and shear
forces from the horizontal input motions with those
from the vertical input motions using a root-sum-

F = rnzz

• ----IH· F = mXx

/'~~;Wh0Y////~ffd
RESULTANT DYNAMIC FORCES

PSEUDO
VELOCITY

FREQUENCY

SHOCK SPECTRUM

z

= x

1-2

(a) Definition of dynamic forces

Fz

• F
x

F
Zxb b

(b) Determination of reactions for symmetrical
system (see Eq. 8-1)

u.s. Army Corps of Engineers

Figure B-1. Equipment Mounted on to Nearly Rigid Structure



square approach. Design the anchors to resist these
moments and shear forces.

8-3. Shock-Isolated systems.
a. General. When the decision is made to shock-iso

late rather than hard-mount the equipment, the next
step in the design process is to define as explicitly as
possible the performance requirements of the system.
The greater the detail of specification, the greater will
be the assurance that the system will accomplish its
objectives.

(1) Design the shock isolation system to the fol
lowing functional requirements:

-Reduce input motions to acceptable levels.
-Minimize rattlespace requirements consistent

with system effectiveness and cost.
-Minimize coupling of horizontal and vertical

motions.
-Accommodate a spectrum of inputs of uncer

tain waveforms.
-Limit the number of cycles of motion of the

isolated body.
-Support the system under normal operating

conditions without objectionable motions.
-Maintain constant attitude under normal

operating conditions.
-Accommodate changes in load and load dis

tribution.
-Maintain system vibration characteristics

over long periods of time.
-Interface properly with other components or

parts of the facility.
-Minimize maintenance requirements.

(2) If the shock isolation system is to perform
satisfactorily, careful attention must be given to its
mechanical design details. Attachments to hard struc
tures must be strong enough to survive the largest ac
celeration; impact between elements or noisy frictional
interfaces must be avoided; installation and mainte
nance should be made as simple as practical; direct
transmission paths for high-frequency motions must
be minimized; and elements should have natural fre
quencies high enough to avoid coupling with the shock
isolation system frequencies.

(3) Shock isolation systems are usually designed
before the physical characteristics of the equipment to
be protected are definitely determined and before
equipment dimensions and weights are established.
Consequently, the e.g. of the actual system mass
seldom lies precisely where it was assumed to be for
design. This situation can be somewhat compensated
for by adding ballast to the system. Effective ballast
ing, however, is difficult to achieve in the vertical di
rection. Even if the mass e.g. is accurately forecast,
there remains another condition for dynamic sym
metry: that the actual spring stiffness of the isolators
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is that stiffness assumed in the design. All hardware is
manufactured only to some plus or minus tolerance.
Accordingly, some imbalance due to variation in iso
lator and damper properties can be expected. Other
practical imperfections that can contribute to im
balance include friction and slight misalignment.
Therefore, while the idealized cases and simplified pro
cedures presented herein are adequate for preliminary
design and analyses, more sophistication and refine
ment will be required for a final hardware and system
design.

(4) In general, the following major steps may be
used as a sequence of design analysis procedures (Saf
fell, 1971):

-Establish locations, physical properties, and
fragility levels of the shock-isolated equip
ment.

-Select and group equipment to determine the
size of platform.

-Define shock environment at the locations.
-Establish performance requirements of the

shock-isolation system.
-Select type of shock-isolation system.
-Perform dynamic analysis of selected shock

isolation system based on design require
ments.

-Establish performance requirements of the
shock isolation system components.

-Select type of shock isolation system compo
nents.

-Design and analyze shock isolation system
components.

-Reevaluate performance requirements based
on preliminary design analysis of shock isola
tion system and components.

-Prepare specifications.
As noted, preparing the specifications is the last step
in the design analysis procedures. Shock isolation sys
tems are designed to a set of requirements that are ap
plicable to the specific facilities. However, specifica
tions are written for shock isolation system compo
nents that are designed to meet performance require
ments of specific shock isolation systems. The specifi
cation provides for uniformity of design analysis and
for detailed design requirements of system compo
nents. Thus, in some cases, specifications may be the
final product of a shock isolation system design-analy
sis effort. The requirements in a specification should
include the following minimum items:

-Detailed performance requirement
-Physical size envelopes
-Tolerances
-Requirements for interfacing with other compo-

nents
-Methods to verify the performance

Finally, the design-analysis procedures are organized
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so the critical design problems of a shock isolation sys
tem are examined in a proper sequence and the neces
sary analyses are performed without unacceptable as
sumptions (Saffell, 1971). The final specification must
be reviewed for practicality and insurance that the
specified requirements are realistic.

(5) As part of the design effort, the shock isolation
system designer makes basic design selections with re
gard to group-mounted or individually mounted equip
ment, layout of the isolator system, and shock isola
tion system components. These basic design features
will now be discussed.

b. Layout of the isolator system. The large variety
of shock-isolation systems can be grouped into four
main categories: symmetric, near-symmetric, pen
dulous, and base-mounted. The characteristics of these
categories are summarized in table 8-1. In addition to
performance requirements, the selection of a particu
lar type of shock isolation system should be influenced
by the following criteria:

-Accessibility of equipment
-Available space
-Input shock environment
-System size and weight
-Location of system e.g.
- Installation
-Maintainability
-Reliability
-Cost

No one type of system will satisfy the requirements of
all locations and all equipment installations. Careful
consideration should be given to the design criteria
and the several shock isolation alternatives before ar
riving at a final decision. The four types of isolator sys
tems are discussed briefly below:

(1) Symmetric systems. Symmetric systems have
isolators arranged so that the system's center of rigidi
ty coincides with its center of mass. The isolators are
oriented either parallel to or inclined, relative to the
principal axes of the system. Symmetric systems are
desirable because of the decoupling of normal modes
and the minimizing of transmitted acceleration and
velocity.

(2) Near-symmetric systems. Near-symmetric sys
tems consist of isolators arranged so that only a small
eccentricity exists between the resultant of the iso
lator spring forces and the center of mass of the equip
ment. Small eccentricities often occur because the ac
tual weight and center of mass of the equipment may
differ from those assumed in the initial design phase
and used to establish isolator locations. Therefore, the
final design of the shock-isolated system should ac
count for such eccentricity effects through parametric
analyses in which system weight and center-of-mass
location are varied.

(3) Pendulous systems. Pendulous systems consti-
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tute a special class of symmetric or near-symmetric
system. They are used to suspend large bodies from
isolators attached to their sides with arms that extend
to enclosure support points located above the system
e.g. For a bilevel suspension system, isolator spring
characteristics and support point locations can be
chosen so that there is maximum stability and mini
mum coupling between modes during dynamic re
sponse. Single-level suspension systems are less desir
able because of potential stability problems. Areas re
quiring special consideration for pendulous systems
are hardware space requirements, effects of shifts in
the center of mass, and damping requirements in the
pendulous modes.

(4) Base-mounted (asymmetric) systems. In base
mounted systems, equipment is supported by vertical
and possibly horizontal isolators only along the base of
the equipment. A disadvantage of base-mounted sys
tems is their sensitivity to possible variations in the
center-of-mass location, isolator spring stiffness, and
other system parameters. Also, there are significant
dynamic coupling effects. However, such systems may
be desirable for any of the following reasons: (a) lim
ited space available (e.g., if the equipment is in a
buried protective structure); (b) extensive costs of de
veloping symmetry; and (c) conv~nience, e.g., many
off-the-shelf items of equipment have mounting points
already established along their bases.

c. Isolation system components. A shock isolation
system has three major components: the platform, the
isolators, and the isolator attachments. Since there are
many possible component designs, a set of design re
quirements must be established so the designer can
make the proper choice to meet a set of specific perfor
mance requirements. Figure 8-2 ~ummarizes major
considerations in the design of shock isolation system
components. These components will now be discussed
in more detail.

(1) Platform design. The shock isolation platform
is the structure that supports the isolated equipment
and to which the isolators are attached. The basic per
formance requirement of the platform is that while
supporting the isolated equipment, it attenuates mo
tions from the isolators to the platform. To accomplish
this, the platform must have specific, bounded stiff
ness and damping characteristics while staying within
the usual engineering design limitations of size,
weight, cost, and fabricability.

(a) Design requirements. The major design con
sideration is the platform stiffness requirement. In as
sociation with the equipment and platform weight, the
platform stiffness governs the natural frequencies of
the assembly. It is desirable to have a rigid platform to
avoid couplings of the platform's flexible body motions
and the shock isolation system's responses. Usually, a
platform may be considered rigid if its lowest flexible-



TABLE 8-1. CHARACTERISTICS OF EXAMPLE SHOCK ISOLATION SYSTEMS (Crawford et al., 197 ~

(al Symmetric

-+ Location of e.g.

t

Type

Schematic

Fea.si bi 1 i ty
Range

Dynamic
Coupling

Rattlespace
Requirements

Dynamic
Stability

Static
Stabil ity

Nonlinear
Effect

it
Horizontal and
vertical springs
pinned ends

For equi pment
isolation at low
frequency and
large relative
displacements

Negl igi ble

Shock spectra
values (large
horizontal space
requi red for
hardware)

Not critical

Not critical

Very significant
for acceleration
response and
rattlespace

JI\
Inclined Isolator

For equipment.
isolation at mid
range frequency,
and small
relative
displacements

Negligible

Shock spectra
values

Not critical

Not cTi tical
(but spring
stabil ity must
be considered)

Not critical

(b) Near-symmetric

fI
For equipment
isolation at low
and midrange
frequency and
low and moderate
relative
displacements

Small pi tch
response induced

Shock spectra
values are
amplified due to
pi tch response

Not critical

Not cri tical
(but spring
stabi 1 i ty must
be considered)

Not critical

'g1
Incl ined Pendul urn

For total structure
i solat ion at low
frequency and large
relative
displacements

System character
i sties can be
selected to mini
mize coup] iog

Shock spectra
values are
acceptable when
the geometry
optimi zed for
minimum coupling

Not cri tical when
optimi zed

Not critical when
optimized

Some effect on
acce leration
response

(c) Pendulous

ill'
Pendul urn. - Low c. g.

For equ i pmen t and
personnel platforms
at low frequency
and large relative
di sp 1acement 5

Significant pitch
response induced

Shock spec tra
are amplified due
to pi tch response

May be cri tical

May be cri tical

May affect accelera
tion response and
rattlespace

\GJ
Pendulum - High e.g.

For mi ss i I e mounts
at low frequency and
moderate relative
d i sp Iacements

Very significant

Shock spectra values
are ampl ified due to
pi tch response

Very critical

Very critical

Significant effect
on .acceleration
response and
rattlespace

Cd) Base-mounted

~
For equipment and
total structure
isolation at low
and midrange
frequency a.nd
sma II to moder
ate relative
displacements

Very significant
for acceleration
and displacement
response

Shock spectra
values are ampli·
fied due to
pi tch response
(minimum space
reqUired for
hardware

Not critical

May be cri tical
(spring stabi Ii ty
must be
considered)

Not ,cri tical

...
~
VI

~

f
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body frequency is four to five times higher than the
highest rigid-body frequency of the shock isolation
system. Hence, the requirement is to design a platform
rigid enough to meet the frequency criteria without
paying a penalty for cost. Cost is determined essential
ly by platform weight for similar fabrication tech
niques and design. Therefore, it is of paramount im
portance to distribute the platform structural ele
ments to maximize area moments of inertia while still
retaining ease of fabrication and using commonly
available structural elements.

1. There are two choices of platform assembly
methods. Welding is probably cheaper and results in a
more rigid structure. However, the damping inherent
in bolted connections may be advantageous for vibra
tion suppression. An interesting approach toward at
tenuating transmitted high-frequency vibrations
would he to damp them out in the platform structure
itself by coating the platform with energy absorbent
materials. This is commonly done in the automotive in
dustry (undercoating, for example) with excellent re
sults. Several approaches are possible: sprayed or
troweled-on mastic; glued-on, asphalt-impregnated
felts; and viscoelastic materials. Damping ratios of 20
percent of critical and attenuations of approximately
400 db/sec are common (Harris-Crede, 1976). Manufac
turer's literature is quite specific and should be closely
followed. The outstanding advantages of using this ap
proach are low costs for material and application, no
maintenance, and good damping without introducing
additional system resonances.

2. Fabricability is important because it
strongly influences cost. Since field fabrication is in
variably more expensive and error-prone than shop
fabrication, the platforms will normally be shop fabri
cated and field assembled. Also, because the building
structures are often completed prior to installation of
shock isolation equipment, size limitations of shop
fabricated platform subassemblies can become critical.

(b) Design concepts. From the basic design re
quirements, several design concepts can be considered:

I-beam frame structure
Cross braced
Diagonal truss
Top and bottom cover plates

Plate box-frame structure
Tubular space truss structure
Honeycomb structure
1. For the platform material, structural steel

normally is used. Other materials such as steel or wood
have been considered. Wood has been experimented
with due to its higher damping properties; aluminum
has been considered due to its lower weight. For a
given platform design, frequencies are about the same
should aluminum be considered in place of steel; also
an aluminum structure has less total weight. However,
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the platform frequencies are also influenced by the
weight of the mounted equipment. Thus, if the equip
ment is quite heavy, steel construction should be used
because it provides a stiffer platform. Since the plat
form is designed for stiffness rather than strength,
there is no advantage to using high-strength steel.

2. The following two concepts satisfy not only
the requirements of rigidity, ease of fabrication, and
low cost, they also provide proper attachments for the
supported equipment. The shock-isolated platforms
may be divided roughly into two groups, depending on
the arrangement of supported equipment. The first
group supports a few items of heavy and rigid equip
ment such as motor-generator sets or transformers.
The second group consists of many pieces of relatively
light and flexible equipment such as control consoles
and electrical switch cabinets.

3. The first platform concept is for the first
group of heavy equipment. As shown in figure 8-3, it
consists of two heavy, wide-flange beams connected by
secondary cross beams. The beams are spaced to pro
vide direct supports under the equipment attachment
points. Diagonal beams are added to give the necessary
torsional stiffness. A thin plate may he installed on top
of the structure for servicing and maintaining thE
equipment. It does not contribute substantially to thE
stiffness of the platform.

4. The first concept can also be used for the
second group of equipment. But, as more and more
local stiffeners are needed to properly support the
large number of equipments, it becomes no longer cost
effective to use heavy beams and diagonal stiffeners.
Therefore, the second concept, as shown in figure 8-4,
uses a series of box structures made of relatively thin
plates. Stiffeners are used at all the equipment attach
ment locations, and top and bottom plates are neces
sary to fulfill the bending and torsion stiffness re
quirements.

5. In the design of a platform, two problems
are usually neglected. The first problem is the effect of
equipment dynamics on the platform frequencies. Un
fortunately, information on the equipment dynamics
is usually not available, making heavy reliance on en
gineering judgment necessary. This is particularly ap
parent at the modeling of platform and equipment as
sembly for frequency analysis. The second problem is
the proper design of stiffeners for equipment sup
ports. The local equipment-support frequencies should
always be checked to satisfy the overall platform stiff
ness requirements. In this sense, the equipment should
never be supported on a thin top plate only.

(c) Design methods. Several computerized
methods are available for analyzing platform frequen
cies (app. B). However, prior to getting detailed results
from a digital computer simulation of the platform,
preliminary design of the platform must be completed



and approximate platform frequencies established. If
this is not done, the designer will have no feeling for
the validity of the computer solution; and because of a
few poorly chosen members, the computer solution
may not be valid.

1. To facilitate the preliminary analysis of the
platform frequencies, analytical methods for calculat
ing the first-mode torsional and bending frequency
will now be discussed. For these approximations to
yield a reasonably close solution, the following as
sumptions are made:

-The platform structure is of steel and has
uniform bending torsional stiffness along
its length.

-The equipment mass distribution is close to
symmetrical but not necessarily uniform
from platform midpoint.

Since the applicable platform frequencies are
functions only of inertia and stiffness, these properties
must first be calculated. The moment of inertia may be
calculated from any standard reference on structure
design. If the platform cross section can be approxi
mated by a box shape, as shown in figure 8-5, then the
approximate bending moment of inertia about axis
x- x can be determined as well as the torsional stiffness
about the z-z axis.

2. Assuming a platform and equipment ar
rangement as shown in figure 8-6, the bending fre
quency in Hz is

f
B

= 1(1 V7In; (8-3)
2ft WLJ

where In; =bending moment of inertia, W is the total
weight of platform and equipment, and the torsional
frequency in Hz is

f
T
= 1()3 ~ I 24Jyy (8-4)

2ft V LI

where I is the mass moment of inertia of the platform
and supported equipment about the axis yy and Jyy is
the torsional stiffness about the axis yy.

3. If the equipment weight is evenly distrib
uted along the length of the platform, the frequency
will be about three times higher than the calculated
values. The above approximations do not include the
stiffness or the frequency of the equipment. If the
equipment is significantly stiffer than the platform,
then the calculated results are conservative. On the
other hand, interactions of equipment and platform
dynamics can be evaluated only by more elaborate
methods.

(2) Isolators. The isolators supporting the shock
isolation platform must satisfy both functional and
economic requirements. The functional requirements
are determined by the performance requirements of
the shock isolation system and the findings from the
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dynamic analysis of the system. The isolator's ability
to meet these requirements depends on its stiffness
and damping characteristics, as well as its predictabil
ityand reliability of performance. Isolators are usually
classified by their load-bearing mechanism, the elastic
element. Since the damper element can be added sep
arately, it is usually not peculiar to a specific elastic
element design. Isolator elastic elements may be
broadly grouped into four categories: Mechanical
springs, liquid springs, pneumatic springs, and elas
tomers. Table 8-2 summarizes the performance, cost,
and maintainability characteristics of these four types
of isolators. The individual isolators are discussed in
detail in chapter 6. The following supplementary in
formation will help the shock isolation system design
er select and size these elements.

(a) Mechanical springs. Under this heading fall
the common helical and torsional springs and the less
common volute and Belleville springs. All of these
springs in their nonprecision forms are easily designed
and manufactured and are therefore inexpensive.
Their value to isolator designers lies in their low pro
curement cost, design simplicity, and low maintenance
requirements. Unfortunately, the cost of mechanical
springs rises rapidly when precision and quality con
trol requirements become stringent.

1. Mechanical springs transmit energy
through deformation of the structural material of the
springs. These deformations can be in axial compres
sion or tension (helical coil springs or rubber shock
mounts); bending (Belleville springs or flat springs); or
torsion (torsion bars). The springs may be made of met
al or elastomers.

2. The accurate prediction of isolator stiffness
is paramount for uncoupled platform motion, but me
chanical spring rate tolerances of 10 percent are com
mon. The spring rate of a mechanical device usually
cannot be adjusted. Belleville springs and 'Variable di
ameter and pitch springs are exceptions. The correct
specification for spring-stiffness values presupposes a
knowledge of suspended load, since their ratio must be
close to identical for all isolators, for minimum uncou
pled motion. Unfortunately, specification of spring
loads is also subject to gross errors because mass distri
bution of equipment on the platform is not accurately
known. Other difficulties associated with mechanical
springs are hard noise paths, surging, high-frequency
transients, and almost insignificant inherent damping.
Since damping is required for many shock isolation
systems, a separate damping mechanism will be neces
sary for such systems. This can significantly increase
the isolator cost, complexity, and maintenance re
quirements.

3. In summary, if performance accuracy and
damping requirements are not stringent, the mechan
ical spring is very attractive. For more precision appli-
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where
W = Axialload
!J.st = Static deflection

The axial spring rate of a helical coil spring is

k = diG (8-6)
8D:JN

cations or those requiring large damping, the mechan
ical spring may not even be competitive. The different
types of mechanical springs are discussed below.

(b) Helical coil springs. The usual specifications
for a spring will include at least the maximum load
and either the spring rate or an allowable deflection
under this load. When used as isolators in protective
construction, a dynamic deflection should also be spec
ified. With this guidance, it is possible to determine
the required spring characteristics. For a given max
imum static load and allowable deflection under this
load, the axial spring rate is given by

k = W (8-5)
!J.st

(8-9)

(8-11)

(8-13)

8P*D

ncfl
Tmax =K

C =DId (8-10)

Equation 8-9 can be rearranged to give the load
required to fully compress the spring in terms of the
maximum allowable shear stress, i.e.,

* ncfl n~
p = 8KD Tallow = 8KC Tallow

N= ~
d

The total free height of the spring is the overall height
under no-load conditions. It is given by

H =h + At + nd (8-14)

where n is the number of inactive coils.
6. In order to prevent lateral buckling of the

spring when compressed, limits are placed on the ratio
of free height to the mean coil diameter. Figure 8-9
shows the critical buckling ratio for two spring end
conditions as a function of the ratio of total axial de
flection to free height. Points below and to the left of

Figure 8-8 gives Tallow for two common spring steels as
a function of bar and spring diameter.

5. The effective solid height of the spring is
defined as the overall height of the active coils when
fully compressed. The allowable deflection per unit
length of effective solid height is

c:l = !J.t = nTallow [Q] 2 = nC2 T (8-12)
h KG d KG allow

where h is the effective soild height. The number of ac
tive coils is

l.e.,

where K is the Wahl correction factor that accounts for
the effect of spring coil curvature on maximum stress
(fig. 8-7). The spring index shown in figure 8-7 is the
ratio of the mean coil diameter to the bar diameter,

!J.dyn = Dynamic deflection of spring

4. Although permanent set may be acceptable
in some instances, it is normally required that the sys
tem return to its original position. This can be accom
plished in various ways, but the most common ap
proach in the case of helical coil springs is to prevent
inelastic action. In order to prevent inelastic deforma
tion of the spring in the event of overload, coil springs
are usually designed so that the elastic shear strength
of the spring is not exceeded when the spring is fully
compressed. The load corresponding to full compres
sion is given by

p * =k At (8-8)

and the maximum shear stress at full compression is
given by

(8-7)

where
d =
D
G =
N=

Spring bar diameter
Naminal spring diameter
Shear modulus for spring material
number of active coils

1. A helical coil spring is made up of two
classes of coils, depending on their function in the
spring. The active coils are those coils responsible for
the spring's response to loads or displacements. The in
active coils are those coils at the ends of the spring
that help provide attachment. The number of active
coils depends on the required spring characteristics.
The number of inactive coils depends on the treatment
of the spring ends. In most shock isolation applica
tions, the end will typically be squared and ground.
The number of inactive coils for this condition is two,
one at each end.

2. From equation 8-6 it is seen that a large
number of combinations of bar diameter, spring diam
eter, and number of active spring coils will satisfy a
given value of spring rate. There are other criteria,
however, that must be satisfied, and these criteria help
narrow the number of workable combinations.

3. The spring will normally be required to de
flect some specified amount without bottoming out.
The bottoming-out condition occurs when the spring is
fully compressed with no space remaining between
coils. The total deflection that must be accommodated
is given by

!J.t =~ (!J.st + !J.dyn)

where
~ = Factor of safety against bottoming
Bst = Static deflection of spring

a-a
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where
Fh = Lateral force
dh Lateral deflection due to Fh
Ch Factor depending on Ast/H and HID
Hs Compressed height of spring (h - Ast )

Values of Ch are given in figure 8-10. The ratio of
axial to lateral spring rates for springs manufactured
from materials where E/G '" 2.6 (as above) is given by
(Harris-Crede, 1976)

~ =1.444 [0.204 ( ~s f+ 0.265 ] (8-17)

It has been found that lateral spring rates calculated
from equation 8-16 may differ by as much as 25 per
cent from available test results. The differences are ap
parently due to deviations of the actual case from the
idealized conditions assumed in the theory.

10. Tensile properties and torsional proper
ties of typical helical coil spring materials are given in
table 8-3.

(c) Torsion springs. Torsion spring isolators con
sist of a torsien bar to which dynamic loads are applied
and a torsion-resistant member that resists the applied
torque. The three basic types of torsion springs
are: torsion bars, used for light to heavy loads; helical
torsion springs, for light to moderate loads; and flat
wire torsion springs, for light loads. A typical torsion
spring is shown in figure 6-22.

1. Steels suggested for use in torsion bars in
clude SAE 8660, SAE 9263. Table 8-4 shows the sug
gested maximum allowable shear stresses for these
steels for various fabrication processes. The SAE (Soci
ety of Automotive Engineers) recommends a preset
ting strain of approximately 0.22 rad when loading is
in one direction only. In applications where the load
ing can cause equal or nearly equal rotations in either
direction of twist, presetting will not be beneficial.

2. The design criteria for a torsion bar isolator
will normally include the weight to be supported, the
frequency of the system (or spring rate for the bar),
and an allowable deflection. If the weight and system
frequency are given, the required spring rate in units
of force per unit deflection can be determined from
equation 8-15. The spring rate can be determined
from equation 8-5 if the supported weight and allowa
ble static deflection are specified. For small deflection
angles, the spring rate of a torsion bar isolation system
is given by

the curves represent stable ratios. Points above and to
the right of the curves represent ratios where lateral
buckling is likely to occur unless spring guides are pro
vided. Case A shown in figure 8-10 is not often en
countered in practical applications and should be as
sumed only with careful judgment. Case B, which is
generally applicable, can also be used with reasonable
accuracy for springs with hinged ends, which are con
strained to remain aligned axially (Harris-Crede,
1976).

7. The design process is a trial and error pro
cedure involving the selection of a combination of
spring properties that will provide the desired re
sponse without causing permanent deformation of the
spring. Knowing the weight of the item to be shock
isolated and the desired frequency of the isolation sys
tem, the required spring rate can be found from

4n2 W£?'k = 1-
g

where
W = Weight of the item
f = Isolation system frequency, Hz
g = Gravitational constant

The static deflection is readily found from the relation
ship of equation 8-5. Unless specified otherwise, the
dynamic deflection is generally taken to be equal to
the static deflection. The total deflection to be accom
modated can now be found by equation 8-7 after
choosing a suitable value for c,. and the axial load, P*,
to fully compress the spring from equation 8-9.

8. At this point, one can choose a spring in
dex, C, and find the corresponding Wahl correction
factor, K, from figure 8-7. Then, with a suitable value
for the allowable shear stress, the bar diameter can be
found by solving equation 8-11 for d. The effective
solid height, h, can be found from equation 8-12 and
the number of active coils from equation 8-13. The to
tal free height, H, from equation 8-14 should be
checked for stability by means of figure 8-9. One
would now have the required design parameters for a
coil spring. The spring rate of the design spring should
be calculated with equation 8-6 and compared with
the desired system spring rate. If the comparison was
not satisfactory, the process described above would be
repeated until satisfactory agreement is obtained.

9. Helical coil springs are also required to re
sist lateral loads in some applications. In all cases, it is
desirable to know how much resistance the spring of
fers to lateral displacement. For the case of a compres
sion spring under vertical and lateral loads, with E =
30,000,000 psi (2.07 x 1011 N/m2 ) and G=11,500,000
psi (7.93 x 1010 N/m2), Harris-Crede (1976) gives the
lateral spring rate as

=

TM5-858-4

d:' X 10
6

lblin.
ChND(0.204H~ + 0.265D2)

(8-16)
6.89 x 1lf d:' N/m

ChND(0.204H~+ 0.265D2)
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where
do = Diameter of splined end
Lt = Length of bar taper

8t =sin- 1 (Cr ~t ) + sin-1 (Cr A; )(8-23)

6. The portion of the bar with uniform diame
ter is a function of the effective length and the tapered
length (fig. 6-23)

2 r, d) d 2 d )3]
L d =L. - 3 4 L\~ + (~) +( do (8-24)

where
G = Shear modulus for torsion bar material
d = Torsion bar diameter
R = Effective length of torsion lever
L. = Effective length of torsion bar

The effective length of the torsion lever is the distance
from the torsion bar center to the support strut center.
The effective length of the torsion bar is that portion
of the bar that is responsible for the bar's action.

3. It is usual practice to design a torsion bar
system so that the lever arm is perpendicular to the
support strut at the static position. Then the torque
applied to the torsion bar can be reasonably approxi
mated by

T rv RF (8-19)

where F is the force at the end of the torsion lever. The
length of the torsion lever must be determined either
from specifications concerning a particular application
or by a trial and error process. In the absence of other
guidance, a lever arm length equal to twice the maxi
mum deflection is suggested to give a nearly constant
spring rate through the total deflection.

4. The force at the end of the torsion bar is
equal to the product of the system spring rate and dis
placement. At total deflection, the maximum torque is
given by

T* rv Rkl\t (8-20)

and the torsion bar diameter required to resist the
maximum torque can be found from

d __ [ 16T* ] 'I. (8-21)
TrTaIlow

5. The effective torsion bar length required to
accommodate the maximum torque and total deflec
tion is given by

L = 6t dlG (8-22)
• 584T*

where 8t is the angular deflection in degrees associated
with the total deflection obtained from equation 8-9,
or

10.2 WL.
The length of bar taper depends upon the taper angle
and the splined end diameter. The minimum splined
end diameter recommended by the SAE is 1.2 d. The
splined ends are faired into the basic bar with a 15 deg
maximum taper angle and a fillet radius of 1.3 d (AJA,
1966). For a maximum taper angle and a minimum
splined end diameter, the taper length is

Lt =0.373 d (8-25)

7. The following procedure is suggested for
selecting torsion bar isolator parameters. If the system
frequency and supported mass are specified, use equa
tion 8-15 to find the required spring rate. If the sys
tem weight and allowable static deflection are speci
fied, the required spring rate can be determined from
equation 8-5. Determine total deflection based upon
the static deflection, required dynamic deflection, and
factor of safety, using equation 8-7. Determine the
maximum torque at total deflection from equation
8-20 using a specified or assumed torsion lever length.
The required torsion bar diameter can then be ob
tained using equation 8-21 and an allowable shear
stress. The allowable shear stress will depend on the
fabrication process selected. The required effective bar
length can be obtained from equation 8-22 after the
total angular deflection has been determined from
equation 8-23. The bar taper length can be computed
after the splined end diameter is selected. If the mini
mal splined end diameter and maximum taper angle
recommended by the Society of Automotive Engineers
(SAE) are used, the tapered length can be determined
from equation 8-25. Finally, the required uniform di
ameter bar length can be obtained from equation
8-24. The final design should be checked by comput
ing the design spring rate using equation 8-18 and
comparing it to the required spring rate.

(d) Disc springs (Belleville). Disc springs owe
their high efficiency to a relatively uniform stress dis
tribution that permits a high average utilization of the
strength of the metal throughout the disc. Another
contributing factor is that the critical stress is the
compressive stress. Disc elements are typically "pre
set" to a total load and deformation that produces
yielding in the area of maximum compression, and the
residual stress in this area becomes tensile in the "no
load" condition. It then becomes feasible to use a peak
(imaginary) design compressive stress that is actually
substantially beyond the yield point of the material;
and the spring element, under load, behaves substan
tially as though the imaginary peak stress were real
and were within the elastic limit. Finally, if additional
yielding should occur at peak stress, there will be a
very high rate of energy absorption at the expense of
some small permanent reduction in the deformed
height, h, of the disc. Under these loading conditions it
appears feasible to use a maximum design stress, Om, of
450 ksi.

(8-18)
Gdl

k=
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where Rand t are the outer radius and thickness, re
spectively.

and the disc element approaches the shape of a ring
having a square cross section. However, at small
values of ring width, W, the bearing line width be
comes a substantial percentage of the total radial
width of the element, and the actual (versus theoreti
cal) properties of the spring elements become progres
sively less predictable. Consequently, a minimum
width-to-thickness ratio of 2 should be used, and the
minimum value of the diameter ratio is then

1. Other than design stress, the significant
variables controlling disc spring element properties
are the outside radius, R, thickness, t, and outside-to
inside diameter ratio, a. In order to minimize the num
ber of isolator assemblies required, it is necessary to
use the maximum feasible values of Rand t for the
disc elements. The need for heat treat hardness pene
tration to a substantial percentage of the thickness
probably limits the maximum useful thickness to
about 1.5 in. The disc diameter is limited to about 24
in., which is within the production equipment capacity
limitations of known current disc spring manufac
turers. Within the range of interest, spring element ef
ficiency increases as the diameter ratio, a, decreases,

a = R/(R - 2t) = 4/3 (8-26)

2. For disc spring elements of uniform thickness, the expressions for maximum spring force, Fm , and de
flection, elm, can be simplified to (where Poisson's ratio is taken as 0.3)

F
m

= 2.991 t 2
Om (0'2 - 1) (8-27)

(0'2 - 1) + 0.3715O'21nO'

and

(8-28)1.6494 = ( (0'2 - 1)2 + 2.927O'2 1nO' )elm = Om IV -~---'----'----'----'----'-.,,----

Et [(a 2 - 1) + 3.715 O'21n]a2

where E is the elastic modulus of the material (Wahl, 1963). Since the load/deflection curve is nearly linear at hit
values less than 1, the spring rate, k.. and maximum energy storage capacity per unit weight, ~m, can be expressed
as

= 1.8134 Et3
( 0'4 - 0'2 )k. ----------

R2 (0'2 - 1) + 2.927O'21rrO'
(8-29)

and

(8-30)

(8-31)

(8-32)

(8-34)

(8-33)

-0.1819
0'1.533 _ 0'-1.533

0.2387 E t, 0'2<1;;' (0.75d~ + 1)

0.733 [3.033(0'-05 - 0'-1.533) + 0.033(a- 1533 _ a- 05 )]

[O.5C I + (0.25 C1 + 0.01974Y;'j'!' + [O.5C I - (0.25C1 + 0.01974Y;· JI.
E t i (0.75<1;;' + 1)

elm =
k. =

and

~m =

where

Co =

CI =

0.7852 «0'2 - 1)2 + 2.927O'21rrO' )
~ = ai

Eft [(02 - 1) + 3.715 O'21nO')2

where Pw is the weight density of the metal. The very large potential advantage (about 5 to 1 based on ~m) of the
disc spring element is apparent when these equations are compared to those for helical coil springs.

3. The basic equations for the properties of radially tapered disc springs are somewhat more unwieldy
than those for disc springs of uniform thickness. However, for radially tapered springs having maximum-deflection
d", less than the material thickness, the equations may be simplified by introducing Poisson's ratio as a constant.
Where Poisson's ratio is taken as 0.3, the equations of interest become (Wahl, 1963)

Fm = Om tr/Co
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(8-36)

(8-37)

b.w/w =

3. The frequency is a constant and is a func
tion only of piston area and initial volume. This is an
important feature of the pneumatic isolator. If a plat
form with uneven distribution of weight is supported
by pneumatic isolators, the platform may be leveled by
pressurizing applicable isolators. This process shifts
the vertical center of elastic supports to coincide with
the center of gravity automatically without changing
system frequencies. Thus, pneumatic isolators are able
to minimize the coupling between the platform trans
lational and rotational motions.

4. If the frequency of the system at static
equilibrium is w, b.w/w, the fractional increase in
frequency from w for a positive stroke of Cinches, is as
follows for an isothermal process:

where
Lo = Displacement
Po = Cylinder chamber air pressure at static posi-

tion

The gas constant n for air to be used in pneumatic
spring computations is a function of temperature;
however, for temperatures less than 500°F (260°C), it
can be taken equal to 1.4 with only a slight error. At

g-Crd
This relationship is plotted in figure 8-11.

5. For example, consider a shock isolation sys
tem that is designed for a maximum uncoupled verti
cal frequency of 1.2 Hz, with an expected maximum
deflation of 8 in. As shown in figure 8-11, after a de
flection of 8 in., a system originally at a frequency of
0.67 Hz will increase by 50 percent to approximately
1.01 Hz and a 0.8 Hz system would increase by 100
percent to 1.6 Hz. The required system would, there
fore, be close to 0.7 Hz. Thus, the increase in frequency
at 8-in. deflection would be by 73 percent (fig. 8-11) or
1.2 Hz and the stiffness ratio would be 3 (the square of
1.73) to give a displacement ratio of 0.4 in figure 6-6.
This corresponds to an initial isolator gas chamber
height of about 20 in. as may also be determined from
the following equations. The height may be reduced by
the use of an auxiliary gas chamber, as long as the to
tal required initial gas volume is matched.

6. The spring rate of pneumatic cylinders is a
fun.ction of displacement. At the neutral position, the
spnng rate of a single action cylinder is given by (fig.
6-6).

nApo

Lo

(8-35)
nAg

V
cJ! =

[ (
__--=1:....:..7__) (2.907 (2aO·5 _ 0'-0.533 _ 0'-1.533) +

a1.533 _ 0'-1.533 )

- 0.18(0'2.533 + 0'-1.533 - 2aO'S ) + 0'-1]

ke is the mean effective spring rate (integrated average
of the nonlinear spring rate over the deflection range),
~ is the spring element thickness at the inner edge and
the remaining symbols remain as previously defined.
For an average thickness of 1.5 in. and a = 4/3, t i be
comes 1.2857 in. and the numerical values of the
above expressions become

Fm = 977,300 Ib
dm = 1.24 in.
k" = 514,000 Ib/in.

and
~ = 4650 in. Ibllb

where
n = Gas constant for air
A = Piston area
V = Volume

Compared to helical coil springs, the theoretical mate
rial reduction for radially tapered disc springs, based
on energy storage at maximum stress, is nearly 90 per
cent. Compared to uniform thickness disc springs, the
potential weight reduction is about 40 percent.

(e) Pneumatic springs. Pneumatic springs use a
compressed gas as the elastic medium. They are rela
tively straightforward to design using standard seal
components such as rolling diaphragms or bellows.

1. Pneumatic springs were used extensively
within two buildings in the Safeguard system, the
Perimeter Acquisition Radar Building and its Power
Plant Building (Bradshaw-Sonnenburg, 1978). Where
equipment weight was unknown, platforms were sus
pended from one ceiling by pneumatic isolators. Un
damped pendulum motion provided isolation in the
horizontal direction. A check of the isolators six
months after initial adjustment showed a downward
drift due to gas leakage. The maintenance policy for
such isolators should call for frequent checking to pre
vent excessive platform settling. Furthermore in ad
justing the isolators, platforms can be raised ~ that
null positions are at their upper limits. In this manner,
a platform with pneumatic isolators may be allowed to
settle through its entire tolerance range before servic
ing is required.

2. For a small change of volume as compared
to the initial volume, and with the initial gas pressure
sufficient to support the weight, or PoA =W, the in
stantaneous frequency of the system is of the follow
ingform:
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where
V~ = Cylinder chamber volume at arbitrary posi

tion
V. = Surge tank volume

At high frequency, the air flow between the cylinder
and the surge tank is limited and the spring rates
given by equations 8-37 and 8-38 can be used.

9. For double action cylinders with equal

positions other than the neutral position, the spring
rate can be determined from

nAp'
k(y) = (L

o
_ y) (8-38)

where p/ is the cylinder pressure at the displaced posi
tion. Note that p' must be determined at each position
of interest. The piston action is usually considered to
be a quasistatic-adiabatic process (zero heat exchange),
in which case the pressure can be determined from

(8-45)

(8-46)

(8-47)

(8-48)

(8-50)

(8-51)+P>2

Panow

~[~ -A]2A n .t

k" A.t
A

A=

I\, =

Po2 =

Pol =

surge tank and cylinder volumes and system pressures
on both sides of the piston, the neutral position spring
rate for low frequency displacements is given by

k = 2nI\,A2
Vc + VB

Equations 8-40 and 8-41 can be used to determine the
neutral and displaced spring rates of a damped double
action pneumatic cylinder under high-frequency dis
placements. Harris-Crede (1976) contains additional
guidance on the effect of surge tanks on pneumatic
spring characteristics.

10. The area of the pneumatic cylinder piston
is based upon the allowable pressures in the cylinder
and the loads that must be carried under static and dye
namic conditions. For single-action pneumatic cylin
ders, the required area is given by

ka At

where Panow is the maximum allowable system pres
sure. The pressure that must be maintained at the
static neutral position is

k" Ast

A

The final dimension necessary to describe a single-ac
tion cylinder is the piston chamber length at the static
position. If a dynamic displacement has not been speci
fied, the chamber length can be found from

nAI\,

k"
If a dynamic displacement is specified, the chamber
length is based upon an assumed linear response
range, Le., upon a displacement ratio less than 0.3,
which leads to

Lo = 3.33 Adyn (8-49)

11. The dimensioning of a double-action cylin
der is more difficult because of the additional pressur
ized air chamber. The piston area can be estimated
from equation 8-46, if an allowable pressure has been
specified. In the case of double-action cylinders, Panow is
taken to be the allowable pressure differential between
the two sides of the piston. In most cases, the area of
the piston shaft can be neglected and the areas Al and
A2 considered equal for preliminary design. The
length of the chambers can also be taken equal to that
given by equation 8-49 for a trial design.

12. The pressures required at the neutral posi
tion in the two chambers can then be determined from

(8-39)

(8-41)

(8-40)

(8-43)

(8-42)

(8-44)k=

7. For double-action cylinders the neutral
position spring rate is given by

ka =n [I\,IA + P>2A2
]

L ol L02

Note that Al will differ from A;. by the area of the pis
ton shaft, although in most cases the difference is neg
ligible. At positions other than the neutral position,
the spring rate is given by

k(y) = n [ p; A + P2 A2
]

(Lol - y) (102 - y)

As in the case of single-action pneumatic cylinders, the
pressure at displaced positions will determine the
spring rate. For a quasistatic-adiabatic process, the
pressures are given by

p~ = PI [ Lol
] n

LOl - y

P~=P2 [ L02 ] n
L02 + Y

8. The addition of surge tanks is illustrated in
figures 8-12 and 8-13. However, in most field applica
tions, surge tanks are not used. In the event they are
used, surge tanks will provide damping in a pneumatic
system. The effect of the surge tanks on the neutral
spring rate depends on the frequency. The neutral
position spring rate for low-frequency displacement is
obtained from the cylinder and surge chamber
volumes and pressures at the neutral position. For a
single-action cylinder with a low frequency, the spring
rate for an arbitrary position of the piston is given by

np'N

V~ + V.
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The above sizing of the double-action cylinder provides
a preliminary design configuration that may have to
be revised to obtain the desired combination of spring
properties.

13. The following general procedure is sug
gested for sizing of pneumatic cylinders. If the system
frequency and supported weight are specified, equa
tion 8-15 can be used to find the required spring rate.
The spring rate obtained is the neutral position spring
rate. If the system weight and allowable static deflec
tion are specified, the required neutral position spring
rate can be approximated by equation 8-5. The total
deflection to be accommodated is obtained using the
specified dynamic deflection and a factor of safety.
The maximum allowable air pressure is selected by
considering pneumatic cylinder size restrictions and
load requirements. At this point, the designer must de
cide whether a double-action or single-action cylinder
is required. If a single-action cylinder is to be used, the
required piston area is determined from equation 8-46
and the required neutral position pressure from equa
tion 8-47. The cylinder chamber length is obtained
from equation 8-48 or 8-49. Note that this is the
length at the neutral position and must be greater
than the total deflection to be accommodated.

14. If a double-action cylinder is required, the
piston area is determined from equation 8-46 with
~w taken as the allowable pressure differential be
tween the two sides of the piston. The piston shaft
area can be assumed to be negligible (i.e., A = Al =
A2). The piston chamber length obtained from equa
tion 8-49 is assumed equal for both chambers. The
neutral position pressures required in the two cham
bers are determined from equations 8-50 and 8-51.

15. The neutral and displaced spring rates for
a single action undamped, pneumatic cylinder are de
termined from equations 8-37 and 8-38, respectively.
The neutral spring rate for a double-action cylinder is
obtained from equation 8-40. At other positions, the
double action spring rate is obtained from equation
8-41.

16. Damping can be incorporated in the de
sign by the addition of surge tanks, although this is a
seldom-used option. If surge tanks are used, the neu
tral and displaced spring rates may be altered depend
ing on the displaced piston position. The low-frequen
cy spring rate of a damped single-action pneumatic
cylinder is given by equation 8-44 and the high-fre
quency neutral position spring rate by equation 8-37.
The low-frequency neutral position spring rate of a
damped double-action cylinder with surge tank and
chamber volume and pressures equal on both sides is
given by equation 8-45. The high frequency spring
rates are given by equation 8-40 for the neutral posi
tion and equation 8-41 for displaced positions. The
low-frequency spring rate is a function of displaced

piston position (effective pressure) while the high-fre
quency spring rate is a function of the piston at neu
tral position (field effects of the directed air are pre
dominant).

(f) Liquid springs. Liquid springs are similar to
pneumatic springs but use compressible liquids as the
spring eleme:l.t. Because of the high bulk modulus of
most liquids (approximately 200,000 psi), very high
liquid pressures result when a small change of volumes
occurs. Transient pressures of 50,000 psi are not un
common. Attendant problems are seal leakage and
friction under loading condition. Large thermal varia
tions may also cause problems in large dimension or
pressure changes.

1. The natural frequency of a simple liquid
isolator can be determined as

(8-52)

= Liquid volume
Effective bulk modulus of the liquid (EQ.
8.62 and fig 8-15)

W = Supported weight
A = Piston area
g Acceleration of gravity

The spring rate of a liquid spring is essentially linear
within the small variations of its bulk modulus as a
function of pressure. However, since the weight term
is in the frequency expression, the frequency cannot be
independently adjusted as in the case of a pneumatic
isolator.

2. The outstanding advantage of liquid
springs is their small size and weight; their use in air
craft landing gear, where weight is at a premium, is
justified on this basis.

3. Temperature changes in liquid spring
fluids, due either to external influences or to internal
heating resulting from load cycling, produce distinct
changes in spring characteristics. Heating increases
the preload pressure, or, under fixed load, changes the
static load spring length and increases the spring rate.
Temperature reduction has the opposite effect. In in
stallations subject to wide variations in ambient tem
perature, thermostat-controlled heating blankets are
sometimes used to maintain an approximately con
stant temperature near the upper end of the anticipat
edrange.

4. Liquid spring cylinders are high-pressure
vessels and are normally preloaded to several thousand
psi whether or not a static load is supported. Conse
quently, the cylinder design should be analyzed thor
oughly for all probable combinations of loading and
stress. In general, the safety factor for all design
stresses, based on the elastic limits of the material,
should not be less than five.
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Pmax

(8-56)

Failure should be avoided if a working stress equal to

(8-61)

(8-58)

(8-60)

20 percent of the material yield stress is used in all
computations.

8. The required piston rod diameter (fig.
8-14) is given by

[
k(y. + Yd) ] 'I.n.. = 2

TtOw

where Ow is the allowable working stress for the piston
rod material. The piston diameter that will provide the
required effective area is obtained from

1\ = [ 4; + D~]'12 (8-59)

9. The inside diameter of the cylinder is based
on the required cylinder volume and an assumed cylin
der length. Since the piston must be able to deflect in
both directions, the cylinder length is usually taken to
be slightly greater than twice the peak deflection.
When a cylinder length has been assumed, the cylinder
diameter is given by

Dc = [~ Vo + m ] 'I.
Tt Lc

where Lc is the length of the cylinder. If the cylin
der diameter proves to be excessively large, it may be
reduced by selecting a longer cylinder length. The
thickness of the cylinder wall can be obtained based on
the maximum cylinder pressure and the allowable
stress for the selected cylinder wall material. It will
frequently be found that thin shell assumptions will
not be appropriate in sizing the cylinder wall.

10. When the dimensions of the liquid spring
have been determined, its actual spring rate can be
estimated by

k = flEA;
V

where flE is the effective bulk modulus of the fluid and
V is the volume of the cylinder. The stiffness of a liq
uid spring varies proportionately with the load, which
in tum is related to the displacement and cylinder vol
ume.

11. Figure 8-15 shows typical bulk moduli for
various fluids as a function of pressure. The effective
bulk modulus can also be estimated by

R _ VoAp (8-62)
,JE - AV

where Vo is the initial volume and AV is the change in
volume caused by a pressure increment Ap.

12. The preliminary design procedure for a
liquid spring is usually a series of trial and analysis
steps until an acceptable configuration is obtained.
The effects of temperature and change in cylinder vol
ume due to interval pressures are usually neglected in
preliminary design. Normally, static load, peak dy
namic displacement, static displacement and maxi-

(8-53)

(8-55)

(8-54)

(8-57)

k Y.

A.
Ps =

A.=

where
Y.
Yd
Pmax
k

= Static displacement (equilibrium position)
= Maximum dynamic displacement
= Maximum cylinder pressure
= Spring rate

7. The static pressure required to maintain
the spring at a specified static deflection is obtained
from

5. For most liquid spring applications, the
fluids having the best combination of desirable charac
teristics (high compressibility, temperature and chemi
cal stability, and suitable viscosity) are the silicone
oils. Of these, the most widely used are the General
Electric Company's SF96 series, Union Carbide's L-45
series, Dow Corning's D.C. 210 series, and Dow Com
ing F-4029. All of these have slightly nonlinear
stress/strain curves with the bulk moduli increasing
with increasing pressure (fig. 8-15). It will be noted
that the highest compressibility is available in the
Dow Corning 210 0.65 centistoke fluid (fig. 6-8). How
ever, the very low viscosity of this fluid may make
sealing more difficult, and it is also very volatile com
pared to the higher viscosity fluids. The Dow Corning
F-4029 fluid with nearly as Iowa bulk modulus and a
viscosity of 100 centistoke is usually preferable.

6. The effective piston area of a liquid spring
is taken equal to the net cross-section area of the pis
ton rod. The required effective area is obtained from

k(y. + Yd)

where Ppl is the preload pressure (fluid pressure prior
to any load being applied). Defining the cylinder vol
ume under no applied load as Vo , the cylinder volumes
at maximum static and dynamic deflections (neglect
ing cylinder breathing) are:

Vs = Vo - ASs
Vd = Vo - A.(ys + Yd)

The associated compressibilities are defined as

C. = Vo - V. = As.
Vo Vo

Vo - Vd A.(Y. + Yd)4= =
Vo Vo

Combining the above equations leads to the folloWing
expression for required cylinder volume under no-load
conditions:

1-15
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mum spring rate will be specified. When the cylinder
fluid has been selected, preload and maximum cylinder
pressures must be assumed. These pressures will be
functions of the specified spring rates and deflections.
The effective area of the piston is obtained from equa
tion 8-53, using the assumed maximum cylinder pres
sure and specified values of the maximum spring rate
and displacements. The pressure required to maintain
the specified static deflection is given by equation
8-54. This is the equilibrium position under static
loading. The compressibility of the cylinder fluid at
static and maximum cylinder pressures is obtained
from curves similar to figure 8-15 and the cylinder
volume from equation 8-57. The physical dimensions
of the piston rod, piston, and cylinder are obtained
from equations 8-58,8-59, and 8-60, respectively. As
indicated previously, these latter steps require assum
ing a length of cylinder and several trials may be nec
essary to obtain the desired ratio of diameter to
length. The spring rate at various deflections of inter
est can be obtained from equation 8-61.

(g) Dampers. The need for damping in the shock
isolation system has been discussed in previous sec
tions. Basically, dampers are required to fulfill the fol
lowing functions:

-To limit the amplification of responses on
top of the platform at low frequencies by
damping out sustained oscillations of the
shock isolation system at is natural fre
quencles

-To improve the system stability
-:-To reduce the rattlespace requirement

Dampers may be installed separately on the shock iso
lation system or they may be incorporated in the isola
tors as part of the elastic elements. Three types of
damping are usually used: Coulomb or friction damp
ing, orifice damping, and pure viscous damping.

1. The magnitude of the friction damping
force is a constant independent of velocity or displace-

ment, but has a direction that tends to oppose relative
motion across the damper. The force is directly propor
tional to the coefficient of friction, the unit pressure
and the area of contact. The friction damper is essen
tially a nonlinear device. It produces a dead band in
the response motion, which may cause problems if the
magnitude of the damping is large. Within the dead
band, the friction damper transmits high-frequency,
low-amplitude motions to the platform. These motions
may not be acceptable because they cause large ampli
fication of mounted equipment responses at high fre
quencies. Other problems are that friction factors are
difficult to predict accurately and initial leveling of
the platform may be hindered by large friction forces.
Thus, even though friction dampers are relatively in
expensive to build, they should be considered only for
applications where the damping force requirement is
low.

2. When a fluid is pushed through an orifice
restriction, a pressure drop is produced across the ori
fice. This pressure that acts on the piston pushing the
fluid is the orifice damping force. The pressure drop
across an orifice is a square function of the fluid veloc
ity, which is in some proportion to the piston velocity.
Thus, the orifice damping force is usually a square
function of the piston velocity.

3. For an incompressible fluid, the damping
force can be calculated as

F = [~3;g] i2 (8-63)

where
A = Piston area
Ao = Orifice area
0' = Fluid specific weight
x = Piston velocity
g = Acceleration of gravity

Note that the above expression has a constant coeffi
cient.

(8-64)=k-l )
2gkRT

4. For a compressible fluid, the damping equation is quite complicatwl, and no explicit form for the damp
ing force can be written. The pressure behind the piston, Pu, can be related to the piston velocity by the following
equation:

(xA)2 (
A e

where
R = Specific gas constant
T = Absolute gas temperature
k = Specific heat ratio
I'd = Outlet pressure at orifice
Ae = Effective area of orifice

The equation is highly nonlinear, and the solution of Pd
as a function of xcan be obtained only by a numerical
iteration method.

5. The orifice type of damper can be easily de
signed into an isolator. However, because of the veloc
ity-squared-to-damping force relationship, excessive
damping may be introduced into the system. As a re
sult, unacceptable accelerations may be transmitted to
the platform. This situation is particularly likely when
separate dampers are installed. For this reason, orifice
damping should be used only when the input motion
velocity is relatively low.
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6. The simplest form of a viscous damper con
sists of two parallel plates separated by a film of vis
cous fluid. The shear force on the viscous damping
force is

11. The purpose of this design is to convey
certain general design principles and should not be
construed as an optimum configuration. The points to
note are the complete lack of hard noise paths through
the isolator and the elimination of backlash and atten
dant impact between adjacent mechanical numbers. Of
particular note is the elastomeric spring sleeve, teflon
end pads, minimum clearance and low-friction piston
rod guide and piston bearing ring. The choice of non
metallic materials is arbitrary and in fact would de
pend on the detailed design. The piston bearing ring,
for instance, might well be a relatively rigid elastomer
such as Kel-F or rigid urethane rubber that has better
wetting properties than teflon. The arrangement of
the viscous damper as part of the piston reduces con
siderably the overall height of the isolator. The damp
ing ratio may be varied by using liquid of different vis
cosities.

12. A second isolator design, also designed for
a 1000-lb weight, but using compressed gas in lieu of a
mechanical spring, is shown in figure 8-17. The iso
lator has a frequency range of 0.6 to 1.0 Hz for a
stroke of ± 7.0 in. This pneumatic isolator design util
izes, for simplicity, an integral pneumatic damper op
erating in the pressurized air cavity. As with the me
chanical isolator, no hard noise paths through the iso
lator exist, and friction and backlash are minimized.
The elastomeric diaphragm is a rolling type and be
cause of its stroke of ± 7 in. is nonstandard. Gas pres
sures are kept below 200 psi for diaphragm simplicity,
low cost, and long life. Although the damper is non
linear because of nonlaminar flow, it could be linear
ized for the anticipated 5 to 10 percent of critical
damping. For high-frequency inputs, the damping
chamber becomes the air support volume, and the dia
phragm-to-piston volume becomes nonfunctional. Usu
ally, however, displacements are sufficiently small at
the higher frequencies that pressure perturbations are
insignificant and this increase in natural frequency
may be ignored. It is noted that for the same load-car
rying capacity the pneumatic isolator is only about
half the height of the mechanical spring isolator.

(3) Attachments
(a) The isolator attachment has the primary

function of providing a flexible joint permitting three
degrees of rotational freedom at the platform isolator
interface. For most applications a joint is necessary to
minimize bending loads to prevent isolator binding
and to uncouple platform translational and rotational
modes. An additional attachment function is to isolate
the platform from high-frequency vibration inputs
passing through or originating in the isolator.

(b) Spherical joints, conventional universal
joints, and cables are some of the possible attachment
designs. The specific choice depends on functionality
and cost. A desirable design objective would be to

(8-65)

(8-67)C
2mWn

=

F =AtOOy
where

A = Plate area
,.. = Absolute viscosity
x = Relative velocity of plates
y = Gap between plates

This type of damper is desirable because the damping
force is a linear function of velocity. To produce suffi
cient damping force, a large plate area is required.
This requirement may be difficult to meet by a design
that can easily be incorporated into an isolator.

7. Another type of viscous damper makes use
of the laminar flow property of the liquid. Consider a
plug of length L and diameter D slides in a cylinder
with a piston area of A. The gap between the plug and
the cylinder is h. The viscous damping force is then

F = (12,..LN):it (8-66)
nDh3

where
C
c.,

where
x = Piston velocity
,.. = Absolute viscosity

As the equation indicates, the damping force is also a
linear function of velocity. The main difficulty is that
for a large piston velocity, the gap has to be suffi
ciently small that the Reynold's number at the gap can
meet the laminar flow requirement.

8. The damping requirement is usually spec
ified in terms of a fraction of critical damping, t for a
single degree-of-freedom system with a viscous
damper or

CC = c.,

= Damping coefficient
= Critical damping coefficient

m = Mass
Wn = Frequency

9. From the given damping ratio require
ment, the damping forces can be calculated for differ
ent velocities. Then, different types of dampers can be
designed to fulfill approximately the damping force re
quirements.

10. Figure 8-16 illustrates the sample design
of a single acting, helical core spring shock isolator
with linear viscous damper for tension loads only. The
isolator is designed to support a dead load of 1000 lb at
a spring rate of 102 lb/in., which corresponds to a fre
quency of 1 Hz. The designed stroke of ± 7 in. and the
damping ratio is about 10 percent.

8-17
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DESIGN REQUIREMENTS FOR SHOCK
ISOLATION SYSTEM COMPONENTS

I I
PLATFORH ISOLAIDR ATTACHMENT

• Stiffness • Spring Constant • Load Capacity

• Weight • Damping • Friction

• Frequency • Adjustability • Clearance

• Cost • Reliability • High-Frequency
Method of Construction • Maintainability

Attenuation•
• Damping • Cost • Cost

Figure 8-2. Summary of Shock Isolation System Design Requirements (Saffell, 1971)

ISOLATOR
ATTACHMENT
LOCATION

BEAMS

BEAM

GI RDER

Figure 8-3. Dingonally Braced Frome Structure, First Platform Concept (Saffell, 1971)
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minimize rotational dry friction, especially stiction.
Dry friction causes several problems, the most signifi
cant being noise generation, isolator binding and bend
ing, and modal coupling. Metal-to-metal impact, which
might occur in connections permitting backlash or
dead band, should be avoided.

(c) The typical design of attachments is shown
in figures 8-16 and 8-17, the sample isolator designs.
The end fittings shown are conventional spherical
joints permitting three degrees of rotational freedom,
two of the degrees of freedom being limited to approx
imately ± 15 degree, assuming correct installation in
the nominally centered position. The exact choice of
bearing is unimportant as long as it satisfies the re
quirement of minimal backlash and friction and per
mits three degrees of rotation.

TM5-858-4

(d) Although the shock isolation system may be
designed for relatively low frequencies, an impressive
amount of empirical test data from existing shock-iso
lated facilities indicates that large amplitude, high-fre
quency motions may exist on the isolated platform.
The addition of a highly damped secondary isolator,
possibly integrally designed into the attachment,
would probably be effective in suppressing the trans
mission of high-frequency motions. The choice of nat
ural frequency of the secondary isolator should depend
on the input frequency content, the damage criteria of
the isolated equipment, the damping properties of the
isolator, and the flexible body frequencies of the plat
form. Improper design of the secondary isolator could
easily result in magnification rather than attenuation
of motions if, for instance, natural frequency of the

TOP PLATE

ISOLATOR ATTACHMENT

o~-----"----,
r--, r- -...,r--,
I II II I
I II I II I
L_..JL__JL_J
1---1 -----1
I II I
I II I

---;-+1-- - II -----t-t--

L J
r---- ,---1
I II I
I I II I

L_ - --f'L---Jr--'r- --,r-l
I II II I
I II I II I
L_..JL_ _JL_Jo 0

LOCATION

rr=~======~~=========~~~ISOLATOR ATTACHMENT
POINT

STIFFENER~~~======~~~OTTOM PLATE

SECTION A-A

Figure 8-4. Plate Box Structure, Second Platform Concept (Saffell, 1971)
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Figure 8-7. Values of Whal Stress Correction Factor for Round Helical Extension or Compression Springs (Saffell, 1971)
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secondary isolator is close to an equipment natural fre
quency with high damage potential. It should be noted
that amplification always occurs at resonant fre
quencies; large dampings are required to reduce this
effect.

(e) Usually, elastomeric pads are employed as
secondary isolators at the main shock isolator-to-plat
form attachment interface. As the ordinary elastomers

TM5-1sa-.

give a damping ratio of about 15 percent, an amplifica
tion of about three to four over that of a rigid connec
tion should be expected at a resonance condition. Thus,
the successful application of a secondary isolator may
depend on the use of a high damping material. An
other approach is to establish first the frequency
transmissibility of the main isolator and then select
the frequency of the secondary isolator to match the

TABLE 8-2. COMPARISON OF DIFFERENT TYPES OF ELASTIC ELEMENTS
(Saffell, 1971)

Mechanical Spring Pnelaat ie Spring Hydraul ic Spring Elastmteric Spring

I. PERFORMANCE

A. Frequency

Stiffness Hel teal, torsional and St i ffness autOlUt ieally Stiffness .is oon- Stiffness is non-
Belleville, variable changes with load to linear and strong 1inear. but can
pitch linear or _aintain constant function of be linearized for
nonlinear frequency tewrperature ...11 percent

deflection

Higher Surging and transients AlltOst never Al-.ost never Li.ited
Har-onics c.-:Ift

B. D""Ping

Linear, Negligible internal Easily included in S_e as pnetmatic Inherent duoping
Nonlinear d""Ping (0.OD05); needs design; usually (0.05 to 0.2)

au it iary dallper nonlinear

C. Adjustability

Stiffness Usually fixed by design Easi ly varied Fixed by design None
and fluid

DBIIping None Easily varied Easily varied None

Length Usually difficul t Easil y varied Relatively fixed None
to adjust

D. Re Iiabil i ty

Longevity Excellent Good Fair Good

Si~llcity Very sillple Si-ple C"'"P lex Very .i""le-
E. Predictability

'!10 percent ~1 percent ~5 percent ~lS percent

F. Envelope MediUII MediUll SIoall toIediua

2. COST

A. Engineering Cost

Design Low HedilDl Very high Mediu-

Analysis Low Medium High Mediua

Verification

Laboratory Low MediUII MediWi Low

Quality Control Low to _ediUJI Low Very high Low

B. Fabrication Cost Low to .ediUll Medium Very expensive Low

C. Installation Cost

Initial Low Medil.. MediUII Low

Tuning High Low High High

Verification High Low High High

Facility Interface Low Low Low Low

D. Maintenance Cost

Inspection Low MediUll toIediUII Low

Periodic displace- Low MediUII High Low
.eot of cOllpOnent 5

Perforaance Low Low High Mediua
verification

3. MAINTAINABILITY

Accessibility and Virtually none reqUired Not as difficul t as Difficult None required,
Complexi ty hydraUlic, but periodic except possible

l18intenance definitely degr&;d8t.ion check.
required.
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Figure 8-8. Recommended Maximum Stresses for Helical Springs Normally Subject to Dynamic Loading (AJA. 1966)

suspension frequencies. The lateral frequency of a
cable is a function of its stress, or

where
P = Vertical load on cable
A = Cable cross-sectional area

(i) Another problem is that if cables are re
quired to unwind or rotate with load changes, this may
cause coupling of vertical motion with platform rota
tion.

notch frequency of the established transmissibility
curve.

(0 The elastic-pendulum type of shock isolation
system requires a linkage from the ceiling to the iso
lator. Cables, rods, and tubes are some of the possible
linkage designs. For a long linkage, the lateral fre
quency may be so low as to cause coupling effects with
the shock isolation system frequencies. Thus, the later
al frequency of the linkage must be checked.

(g) For a rod or tube, the lowest lateral fre
quency occurs at the horizontal bending mode in the
vertically unloaded condition. The frequency can be
calculated as

f n = _1 [~] 'I.
2L Aa

(8-69)

where
L = Linkage length
E = Modulus of elasticity
A = Cross-sectional area
a = Specific weight of material
I = Moment of inertia

From the equation, it is obvious that from frequency
considerations, a large diameter, thin-wall tube should
be used to maximize the IJA ratio.

(h) Cables have built-in damping, and because of
their flexibility can be used directly without swivel
joints. One significant disadvantage is their relatively
low lateral frequency under loaded conditions. This
low frequency permits a whipping action at close to

n [EIg]'12= 2L2 ~
(8-68) 1-4. Lessons learned from the Safeguard

System. conclusions. and recom
mendations.

a. General. The following information has been tak
en from a report on the Safeguard Antiballistic Missile
System Shock Isolation Systems (Bradshaw and Son
nenburg, 1978). This information pertains to the prac
tical problems affecting the design, installation, and
maintenance of shock isolation systems. Safeguard
shock isolation systems included both helical spring
isolators and pneumatic isolators.

b. Lessons learned.
(1) The amount of maintenance required for a par

ticular platform was related to the platform size and
the weight of equipment supported. The size influ
ences the relative flexibility of the platform. For prac-
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tical designs, the larger the platform the more difficult
it becomes to obtain rigidity. Maximum platform rig
idity is highly desirable in isolated systems for the fol
lowing reasons:

(a) Natural frequencies of the platform-equip
ment configuration should be as high as possible above
the fundamental frequencies of the isolation system,
providing effective isolation from the floor environ
ment.

(b) Superposition of non-rigid-body modes of vi
bration is minimal; this renders rigid platforms more
amenable to simplified analysis.

FIXED END

~
*~/7
FIXED END

CASE A

TM5-858-4

(c) Routine maintenance problems involving ad
justment of isolators and leveling of platforms are sim
plified on smaller, more rigid platforms because of the
reduced number of isolators that must be adjusted
simultaneously.

(2) The weight distribution factor appears strong
ly correlated with the frequency of servicing. Weight
concentration reduces platform rigidity in a local re
gion. An exaggerated case was found for a platform
where the two large central isolators supported almost
the total load, while the four end isolators were unable
to support a significant portion of the load without ex-
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Figure 8-9. Critical Buckling Ratios (Wahl, 1963)
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cessive platform bending. Uneven weight distribution
may cause some isolators to settle rapidly while others
may rise instead of settling. In either case, initial plat
form leveling is difficult to achieve and continuous
servicing is required.

(3) All platforms were unlevel to some extent.
There were no obvious cases where the unlevel condi
tion caused a degradation of performance of the iso
lated equipment. The rather strict leveling require
ments now in the maintenance instructions appear un
necessary, and may have more aesthetic than practical
value.

(4) Initial platform adjustment should be refer-

enced to the as-built extensions of platform structure
or equipment. The as-built conditions are ignored by
the present method of adjustment that uses the dis
tance from the top of the platform to the floor.

(5) Minimum rattlespace was established from an
envelope of the displacement floor response spectra
for all locations at the perimeter acquisition radar
(PAR) site. The maximum displacement obtained from
shock spectra in this manner is applicable only to sin
gle-degree-of-freedom vibration systems. However,
even the platforms that are small enough to behave ap
proximately as rigid bodies have six degrees of free
dom. This requires the superposition of responses (i.e.,

F
D. v

h

3
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u

a::
o
t; 2
ex:
"-
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Figure 8-10. Lateral Stiffness ofHelical Coil Spring (Harris-Crede, 1976)
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displacement in this case) from each of the correspond
ing six modes of vibration. Use of the maximum dis
placement envelope of four inches for minimum rattle
space requirements is most likely sufficient, for engi
neering purposes, to waive the superposition effects
for these platforms. This has never been demonstrated
analytically, however.

(6) For the larger flexible platforms, there are
many degrees of freedom to consider, and the super
position of modal displacements may be of greater

TMS-ISI-4

engineering significance. The four-inch rattlespace cri
terion may not be conservative for these platforms.
These platforms should be analyzed dynamically be
fore alternative actions are considered. For example,
some of the flexible platforms may be raised high
enough to provide more rattlespace as needed, while
others can be hardmounted to eliminate the response
problem.

(7) If it can be demonstrated analytically that
modal superposition is insignificant for the smaller

TABLE 8-3. TYPICAL HELICAL COIL SPRING MATERIALS (Harris-Crede, 1976)

* •
Name Tensile Properties Torsional Properties

and Ultimate Strength Elastic Limit Ultimate Strength Elastic Limit

Composition 1031b/ in2 l03N/cm2 1031b/ in2 l03N/cm2 10 31b/in2 103N/cm~ 1031b/ in2 10~/cm2

carbon Steel 175-230 121-159 130-175 90-121 115-150 79-103 80-105 55-72
SAE 1085

Carbon Steel 170-220 117-152 125-170 86-117 110-145 76-100 75-100 52-69
SAE 1095

Alloy Steel 200-270 138-186 175-240 121-165 145-200 100-138 105-145 72-100
SAE 4068

Chrome- 200-250 138-172 180-230 124-159 140-175 97-121 100-130 69-90
Vanadium
Alloy Steel
SAE 6150

Chrome- 250-325 172-224 220-300 152-207 160-200 100-138 130-160 90-110
Silicon
Alloy Steel
SAE 9254

Silicon- 200-250 138-172 180-230 124-159 140-175 97-121 100-130 69-90
Manganese
Alloy Steel
SAE 9260

• Modulus of elasticity E-30xl0 6 psi 120.7xl06N/cm2 IJ shear modulus G-l1.Sxl0 6 psi
(7.93xl0 6N/cm21. Use slightly lower values of E and G for bot-wound springs.

TABLE 8-4. MAXIMUM ALLOWABLE SHEAR STRESS FOR TORSION BARS
(AJA, 1966)

Allowable Stress

2
Fabrication

ksi kN/crn Process

140 96.5 Shot peened and preset

120 82.7 Preset

IDS 72.4 Shot peened

59 to 75 40.7 to 51.7 Unprocessed
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Figure 8-11. Fractionallncrease in Frequency as a Function ofDeflection and Frequency at Static Equilibrium (SaffeU, 1971)

platforms, then a universal rattlespace criterion can be
specified for these platforms. This analysis can be ac
complished with a simplified linear rigid body comput
er program. The larger flexible platforms are more dif
ficult to analyze in this respect and require a more
comprehensive computer program. The rattlespace cri
teria for these platforms should be given individually,
if superposition is found to be significant. The present
minimum rattlespace criteria are incomplete.

(8) During this study, the maintenance rationale
had to be deduced from original design and specifica
tion criteria. Platform modifications and isolator re-

pairs are inevitable, and procedure have contradicted
previous instructions. Before the maintenance instruc
tions can be revised, the maintenance rationale must
be reviewed and understood. Then, maintenance objec
tives should be documented in associated field instruc
tions and future maintenance instructions should be
compatible with the objectives.

(9) For the pendulum-type platforms installed, no
distinction has been made between minimum and
nominal rattlespace requirements. Minimum dimen
sions apply to horizontal displacement of the platform
and its equipment. Nominal dimensions define vertical

CYLI NDER
CHAMBER

A

Figure 8-12. Damped Single-Action Pneumatic Cylinder (Crawford et at., 1974)
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Figure 8-13. Damped Double·Action Pneumatic Cylinder (Crawford et al., 1974)

CHAMBER WALL

Figure 8-14. Tension Liquid Spring Schematic (Crawford et ai., 1974)
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rattlespace together with allowable tolerances from
the nominal positions. The nominal position plus or
minus the tolerance must be established to satisfy the
minimum vertical rattlespace requirement.

(10) In order to perform a dynamic analysis of a
shock isolation system, the weight distribution must
be known as well as the elastic and damping properties
of the isolators. In the design stage, the weight infor
mation was not available for many of the platforms.
Although these platforms might have been equipped
with helical spring isolators, pneumatic isolators were

used because of their capability to adjust pressure to
support the unknown loads. Pneumatic isolators are
convenient for this purpose, but continuous mainte
nance is necessary because of gas leakage. Based on
Safeguard experience, future systems should not use
pneumatic isolators unless weight distribution is un
known. For example, a better approach might be to de
sign a platform for specific conditions (weight and e.g.)
that exceed those expected. After the equipment is in
stalled, weight can be added at the proper locations to
bring the weight and e.g. in line with the design. Usin~

V
MIN IMUM CLEARANCE, LOW

__ FRICTION SPHERICAL JOINT

LOAD SPRING

ELASTOMERIC SLEEVE OVER
SPRING TO PREVENT SPRING
TO-CYLINDER CONTACT

"I ,
,I !

;',I.

TEFLON GUIDE AND SEAL,
SEGMENTED, CONTROLLED
CLEARANCE FOR LIQUID

,', '~ DAMPER

!J.--C.~LARGE OIL TRANSFER HOLE

60 IN.

Figure 8-16. Single-Acting Helical Spring Shock Isolator with Linear Liquid Damping, Tension Loads Only (SaffeU, 1971)
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this approach, helical spring isolators could be used
and future maintenance would be significantly reo
duced.

(11) Early in the Safeguard project, attempts
were made to analyze the response properties for a few
systems by using a comprehensive nonlinear shock iso
lation computer program (!SOL). Later, this program
was increased in generality, and in its present form ap
pears capable of treating flexible platforms as well as
nonlinear isolators. Even though ISOL may now be a
good shock .isolation system design tool, it did not
meet the needs of designers at that time. Thus little in
formation is available from the analytical results. For
the PAR site alone, 87 percent of the platforms involv
ing 66 percent of the total isolators could have been
analyzed both statically and dynamically using a linear

30 I tL

TMS-ISa-.

rigid-body program with simplified forcing functions.
It is noted that all of the isolators were designed to
operate in their linear ranges, but 13 percent of the
platforms appeared sufficiently flexible to require spe
cial consideration. It would have been appropriate to
use ISOL for these flexible platforms, but not at the
price of losing analytical support for the more rigid
platforms because of the complexity of the program.
Since the equipment weights were unknown, the de
signers needed a simplified linear rigid·body program,
which they could operate without help, in order to ob
serve the effects of changing and shifting weights
within allowable limits. Furthermore, in accordance
with the above paragraph, some (if not all) of the largo
er flexible platforms might have been divided into
smaller units to achieve greater rigidity. These plat-

MINIMUM CLEARANCE, LOW
FRICTION SPHERICAL JOINT

MINIHUH CLEARANCE, LOW
FRICTION ROD GUIDE

LONG STROKE
ELASTOMERIC ROLLING
DIAPHRAH

~~~~~~~~** __---TEFLON GUIDE AND SEAL,
SEGMENTED, CONTROLLED
CLEARANCE FOR PNEUMATIC
DAMPER

DAMPER I

CHAMBER

Figure 8-17. Single-Acting Pneumatic Shock Isolator with Pneumatic Damper, Compression Loads Only (Saffell, 1971)
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forms could have also been analyzed by the simplified
program. (The features of ISOL are summarized in ap
pendixB.)

(12) Running machinery on a platform can cause a
serious steady-state vibration problem that is unre
lated to the threat shock environment or the isolators
that support the platform. Isolation systems that are
well designed will have mounted platform natural fre
quencies removed as far as possible above the funda
mental frequencies removed as far as possible above
the fundamental frequencies of the platform-isolator
configuration. It is supposed that the fundamental sys
tem frequencies may not exceed 3 Hz, while the non
rigid mounted platform frequencies may range from
10 Hz to 500 Hz. With these conditions, it is not possi
ble for frequencies above about 2 Hz from the shock
environment to reach the sensitive equipment. How
ever, alarming resonances can be generated on the
mounted platform in the higher frequencies by run
ning machinery. This phenomenon can be easily dem
onstrated, using a small shaker located any place (ex
cept at a node point) on the platform or equipment.
Running machinery is never perfectly balanced and
acts as as-haker at the rUnnIDi frequency. In one case
at the PAR site, two generators were mounted on the
same platform. When one generator was running, its
rotating frequency coincided with the natural frequen
cy or the other causing significant bearing damage. It
is often possible to eliminate these problems by stif·
fening, shifting weights, or increasing effective damp
ing in a local area. For complicated platform-equip
ment configurations, such resonances may be difficult
to identify in the design stage by analytical methods.
In cases where running equipment is relatively fragile
and must be isolated, attempts should be made to ana
lyze steady-state vibrations and avoid resonances by
separating natural frequencies. These platforms
should then be tested after installation and changes
made if necessary.

(13) There are numerous platforms that have
breakable drain pipes extending into the rattlespace
below the platform. During the six-month interval be
tween inspections, gas leakage from the pneumatic iso
lators causes the platforms to settle. If the platforms
settle down to the isolator's lower tolerance limits, the
pipes would be crushed. Because maintenance instruc
tions have failed to address as-built conditions, main
tenance personnel improvised by blocking the plat
forms, thus eliminating isolation. The use of breakable
pipes is a poor design concept and can cause periodic
down time for replacement. (Note: If an actual shock
occurred, these pipes would be severed without sacri-

I-3D

ficing isolation system performance.)
c. Conclusions.

(1) The PAR site is not hardened to the expected
shock environment in its present status.

(2) Helical spring isolators should have been care
fully matched for loading when initially installed; such
isolators require almost no maintenance after installa
tion. The crude but adequate damping adjustment on
these isolators should be checked periodically. (The
maintenance required for damping adjustment is mini·
mal.)

(3) Pneumatic isolators leak gas continuously and
require periodic servicing, which involves platform ad
justment. Servicing requirements are more frequent
for those platforms with an uneven distribution of
weight and for the larger flexible platforms with more
than four isolators. With existing maintenance proce
dures, the Shreader valves on these isolators cause a
significant maintenance problem because they will not
permit accurate pressure adjustment. This problem
should be insignificant if the recommended mainte
nance procedures are adopted.

(4) Existing periodic maintenance instructions are
inadequate for the following reasons:

(a) In some cases, platform adjustment instruc
tions are inconsistent with minimum rattlespace re
quirements.

(b) As-built rattlespace conditions have never
been documented.

(c) Platform weight distributions have never
been tabulated for ready reference. This information is
necessary whenever static or dynamic analysis is re
quired. An analysis should be made whenever possible
and economical, such as during initial platform design
and any time thereafter upon changing isolator capaci
ties or weight distribution.

(d) The existing semiannual isolator inspection
and platform adjustment requirement is too frequent
in some cases, and too infrequent in others.

d. Recommendations. Assuming that hardness for
the PAR site must be achieved and maintained, the
following recommendations are proposed:

(1) Rewrite the maintenance instructions to use a
walk-through inspection.

(2) Perform a detailed rattlespace survey and up
date existing drawings and documents accordingly.

(3) Use the results of the rattlespace survey to
mark upper and lower null deviation limits on the iso
lator shafts. This will permit full exploitation of the
walk-through inspection procedure and minimize pea
riodic maintenance.
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CHAPTER'

VALIDATION

9-1. Introduction.

a. The validation of a shock isolation system in
volves testing and analysis to determine the probabil
ity that with at least 90 percent confidence the system
will meet mission requirements during and after an at
tack.

b. A validation test program may be composed of all
or part of the following:

-Equipment environmental tests (qualification)
-Isolator tests
-Twang tests
-Impedance and transfer function measurements
-Quality control tests
-Full-scale platform dynamic tests
-In-place pulse simulation tests
-Facility tests

This chapter discusses these tests and measurements
and shows how they are used in validation.

9-2. Element and component validation.
a. Equipment tests.

(1) Traditionally, equipment located in protective
facilities has been subjected to both environmental
qualification tests for prototypes and production or
quality control environmental tests. Production-line
environmental tests (PET) are applied to equipment
destined for installation in protective facilities. The
tests are used to screen out defects in workmanship
and material.

(2) The level of environmental severity used for
quality control tests can be the same as or lower than
that used for qualification tests. Qualification tests
measure the performance of the equipment design to
meet expected shock environments and normally in
clude higher test levels to account for limitation of
testing, environmental uncertainty, and statistical
variation in the sample equipment tested.

(3) Equipment tests are typically conducted using
shock machines and vibration shakers in test labora
tories. Vibration tests have been conducted on both
single and biaxial machines. Figure 9-1 illustrates a
typical test setup and is a schematic of the biaxial vi
bration test machine at the U.S. Army Construction
Engineering Research Laboratory at Champaign, Illi
nois. Table 9-1 lists the major large-size vibration test
facilities in the United States in addition to the facil
ities of the U.S. Army at Champaign. A large number
of electrodynamic vibration machines are also avail-

able and are located in numerous U.S. Government
laboratories, Aerospace Corporations, and independ
ent testing laboratories.

(4) An extensive discussion of equipment testing
for fragility, as well as of qualification and production
environmental tests, has been provided in chapter 4.
Additionally, test results for different types of tests
and for a wide range of equipments are provided in ap
pendix A of this volume.

b. Isolator tests.
(1) Isolator tests are usually conducted on individ

ual isolators. Static compression and extension tests
should be made to deflection limits required in the pro
curement specifications. Spring constants should be
determined to establish that measured values are with
in specification tolerances.

(2) Dynamic tests can be performed as illustrated
in figures 9-2, 9-3, and 9-4. The excitation for these
dynamic tests was provided by pneumatic and airlhy
draulic actuators capable of high rates of loading. The
data from these tests were analyzed to assess the per
formance characteristics of the isolators for a range of
loads and to determine compliance to specifications.
Dynamic tests such as these are also useful for measur
ing and evaluating the stress levels of fittings, attach
ments, swivel joints, and other hardware, as well as for
the onset of potential failure.

(3) In some cases simple tests may be performed,
such as a pull-down of the test weight with a subse
quent quick release (twang test). Another variation is
to drop the entire isolator with the test weight and let
the opposite end of the isolator impact on a bracket to
produce a velocity shock by sudden arrest from the
free fall condition.

9-3. Dynamic measurement and re
spon.. prediction.

a. Tronsfer(system) functions.
(1) To improve response-prediction accuracy re

quires inplace measurements of the dynamic proper
ties of a shock-isolated system. The structure's trans
fer function must be measured from building/isolator
attachment points to several points near equipment
mounts on the shock-isolated platforms. The platform
response motions may then be calculated by convolv
ing these structure transfer functions with the build
ing shock motions that would be induced by nuclear at
tack.
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F~NT ROW (LEFT TO RIGHT)
(.) DISTRIBUTION CABINET
(b) GENERATOR CABINET
(c) EXCITER/VOLTAGE

REGULATOR CABINET
(d) BUS TIE CABINET
(e) EXCITER/VOLTAGE

REGULATOR CABINET

BACK:
(a) HOTOR CABINET

Figure 9-1. Qualification Test Setup for Motor Generator Set Mounted on on Biaxial Electrohydraulic Vibration Shaker. (Programmed Two
Axes Transient Vibration Closely Approximated Threat Motion) (CDE, 1974)

-4
~

~



TABLE 9-1. MAJOR U.S. VIBRATION TEST FACILITIES (AA, 1978c)

Maximum Tible Input Hotlons (Transient)

I'
I
I

Organ Izat ion/locat ion

Wyle Laboratories
Huntsville, AL

Wyle Laboratories
Norco, CA

U.S. Bureau of Reclamation
Denller. CO

lJ.5. Army
Construction Engineering
Research laboratory
Champa i gn. I L

University of California
Berkeley, CA

University of III inais
Urbana. ! L

West 1nghouse Ad~anced

Energy Systems Oi vi sian
Large, PA

Applied Nucleonics
Company
Santa ,",onica, CA

Approved Eng Ineeri 09
Test labs
Los' Angeles, CA

Machine (Facility)
Designation

"'ach!"e C

Machine D

Machine G

Machine 6

USBR Vibrat ion
Test System

CERL Bla)(ial
Shock-Test Mach inc

Earthquake Engineering
Research Center
Earthquake Simulator
laboratory

Structural Research
laboratory
Earthquake Simulator

Seismic Test
laboratory

Cable Tray and
Condu i t Raceway
Test Fixture

Sys tern 2

"'a)(imum Specimen
Dimensions

L by W by H,
It

17 ft by 11 ft by 40 ft

12 ft by 12 ft by 12 ft

8 ft by 12 ft by 12 ft

8 ft by 8 ft by 12 ft

20 ft* by 15 ft* by 10 ft*

12 ft by 12 ft by 12 ft*

20 ft by 20 ft by 40 ft

12 ft by 12 ft by 40 ft*

40 f t by 12 f t by 30 ft

8 ft by 12 ft by 30 ft

9 ft by 9 ft by 3D fl

40 ft by 13 ft by 13ft

6 ft by 6 ft by 12 ft*

Maximum Specimen
Weight

(g-Ilmi t) ,
Ib

60,000 (2 g)

10,000 (1.5 g)

10,000 (2 g)

12,000 (2 g)

'0,000*

15,000 (30 g)

100,000 (1.0 g)

10,000

.80,000

40,000

40,000

10,000

10,000

Acee 1erat Ion I

9

8

3

7 (11)
8 (v)

12

3*

20* (h)
30* (v)

I. 5 (11)
1.0 (v)

7.5

0.3

1.4

1.4

1.2

Velocity,
in./sec

35

25

46 (h)
J3 (v)

30

)0

32 (h)
27 (v)

25 (11)
15 (v)

15

30

30*

Olsplotement
(Double

Amplitude) ,
in,

6
8

12 (11)
9 (v)

3

10

6 (11)
3 (v)

10 (h)
4 (v)

20

20

20

12

Mode of Ope rat ion

Simultaneous Biaxial

Simultaneous Biaxi.l

Simultaneous Biaxial

Single Axis
(horizontal or vertical)

Single Axis (horiZOntal)

Simul taneouS Biaxial

Simul taneous Biaxial

S ingl e A)l i s (har i zonta I)

5 i n91 e Axi s (tlor i zonta I )

Single A)Cis (vertical)

Vector Biaxial
(air bag 5uspension
simultaneous biaxial)

Vector Biaxial

Simultaneous Biaxial

t

*EstllT'Jted Value h: Horizontal v: Vertical

;...•f
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(4) An indirect method of transfer function meas
urement can be used to avoid the impracticality of in
serting a motion generator between a massive piece of

to an input (force or motion). However, the usefulness
of this technique is limited to a structure that is linear
or nearly linear so that the principles of superposition
will apply. The method is indicated by equation 9-1.
Force ratio per drive point:

= Complex output force at isolatorlbuilding
junction

= Complex input force at drive point
= Phase angles

(9-1)
lFo(w)1ei6(wj

IFj(w)lei+<w)=
where

Fo(w)

Fi(w)
9,+

(2) Both the in-place tests of platforms and the
calculated motions from transfer functions measured
in-place provide additional data for the verification of
equipment performance under specified threat. These
results may be compared with the prior laboratory vi
bration tests of individual units to determine the de
gree to which the equipment has met or exceeded
hardness requirements (Safford-Walker, 1975; Safford
et al., 1977b).

(3) Physical measurement techniques are applied
to obtain the mechanical impedance properties of a
structure. Selected points on the structure are excited
over the frequency range of interest. The structure's
response to the vibratory force is quantitatively meas
ured at both the drive point and other selected points.
By using the Fourier transformation, it is then pos
sible to obtain the ratio of the output (force or motion)

A
ACCELE RATI ON (X, V, z)

SHOCK PULSE INPUT
(AI RlHYDRAULI C ACTUATOR)

~ STRAIN GAGES (LOAD, Xl

o ACCELERAT I ON (X)

'---r-T---J'I............-- RELAT IVE DISPLACEMENT (X)

STRAIN GAGES (BENDING,X)

A

--._....._ .../ ACCELERATION (X, V,Z)DISPLACEMENT (X,V)

VELOCITY

x

OPPOSING PAIR~
OF GAGES TO
MEASURE BEND ING

SECTION A-A

~

~STRAIN GAGES (BENDING, X)

rD.
MASS A A/ ACCELERATION (x, V,z)

DISPLACEHENT~\\"\\\ /
(x,V,z) ACCELERATION (X,Y,Z)

..,/A-HT-X' GAGE
/ LOCATION

r---'----'--_L1...L_--,

TEST WEIGHT

Figure 9-2. Single·Isolator Tests and Instrumentation fora Mechanical Spring (Krek, 1970)
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equipment and its support. The indirect method illus
trated in figure 9-5 measures the transfer function at
a point of practical and physical convenience. Working
inversely, i.e., from the motion generator, through the
shock-isolation system, to the building, a force-output
to force-input ratio is taken. This ratio is identical to
the 'acceleration ratio taken in the opposite direction.

(5) A transfer function may be taken from each lo
cation on a platform to each isolator/facility attach
ment or the transfer function may be summed for all

.isolators to yield an overall or global transfer function.
This latter measurement is convenience if the facility
inputs at all isolators are specified to be of equal mag
nitude and phase. Example transfer functions are giv
en in figures 5-13 to 5-22.

(6) The transfer-function plot of magnitude and
phase as a function of frequency must be viewed as a
nonparametric representation of the system being
measured or used for calculations. That is, the degree
of participation of the particular masses, springs, and
damping of the system is not identified, although their
effects have been measured. To define contributions of
such system components requires additional measure
ments, system modeling, and computer identification
routines. Such efforts become desirable if the system is
to be modified for improved response by adding stiff
ness, damping, or special isolators for protection of the
equipment.

LOAD
HEAD

TM~51-4

(7) Transfer-function measurements described by
Safford et al. (1977a) uncovered some nonlinearities
around isolator/platform resonance frequencies. These
nonlinearities were attributed to friction in isolator
seals and guides. Transfer-function measurements tak
en with and without a 1 Hz steady oscillation showed a
factor of 1 to 2 difference in magnitude, but both types
of measurements converged at approximately 30 hz.
For transient input loads with the platform initially at
rest, the actual motion will be somewhat less than pre
dicted due to the nonlinearity. This overconservatism
is not considered a serious error on the hardness/sur
vivability requirements of the equipment mounted on
the platforms.

(8) The motions of shock-isolated platforms are
calculated with input from specified facility input mo
tion threats. In the frequency domain, the two func
tions (input and transfer function) are multiplied, fol
lowed by an inverse Fourier transformation to obtain
the platform acceleration-time history. In a time-do
main computation, the input-time history of the build
ing is convolved with the platform impulse function to
obtain the response.

(9) Response motions are determined by the fol
lowing:

(9-2)

CYLINDER

HOUSING

VERTI CAL LOAD
COLUMNS
(3 PLACES)

CABLE

PRELOAD SUPPO RT
STRUCTURE

LEAD WEIGHTS

Figure 9-3. HardmountedInverted Configuration ofLiquid Isolator Vertical Shock Testing (Ashley, 1976)
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X(t) =
t, T =
h(t) =
Xi(t) =
T =

TMS-ISI-t

where
X~(t) = Acceleration-time history response of plat

form at reference point
XR(W) = Acceleration-frequency response of plat

form at reference point
Xi(W) = Input building acceleration, Fourier-trans

formed to frequency domain
T(w) = Measured overall transfer function of plat

form

(10) If the facility motion varies for each isolator
location, then the response computation becomes the
sum of the motions for the individual input locations
and associated transfer function paths, which are time
delayed in accordance with signal arrival times:

.. n
XR(tX= }xa(w) =~ Tn(W)Xn(w) e-jT"", (9-3)

where 1
Tn = Arrival time of input motion at facility 10-

cationn
xn(w) = Facility motion at location n
Tn(W) = Transfer function to platform from location

n

(11) The dual of equation 9-2 is the convolution
integral from which the identical platform response
may also be computed as:

x(w)(=)X(t) = foTh(t-T)Xi(T)dT (9-4)

where
x(w) = Acceleration-frequency response of plat

form at reference point
Acceleration-time history response of plat
form at reference point
Time
Measured impulse function of platform
(transformed from transfer function T(w»
Input building acceleration
Time delay function for the convolution op
eration

(12) Response motion predictions of the control
room platform of the Safeguard system is displayed in
figures 9-6 through 9-8. Acceleration-time histories
for the frequency band 35 Hz to 500 Hz and 0.5 Hz to
500 Hz are included in figures 9-6a and 9-6b. The
shock spectrum and Fourier spectrum for this plat
form response are provided in figures 9-7 and 9-8.

b. Modal survey. The development of digital signal
processing hardware and software has progressed to a
point where transfer functions (system functions) can
be measured easily, rapidly, and with considerable ac
curacy (Klosterman-Zimmerman, 1975; Richardson
Kniskern, 1976). Using system (transfer) functions, ef
fective modal survey work can be performed on-line.
This allows estimation of modal parameters, geometric
displays of mode shapes, and checks on measurement
accuracy. These developments permit complete map
ping of shock isolation systems and extend or permit

9-6

additional utilization of the acquired transfer function
data discussed in the preceding section. With the ac
quisition of modal response data, performance can be
predicted in accordance with the procedures given in
chapter 7 for modal analysis.

9-4. Full-scale tests.
a. Partial tests.

(1) Segments of shock-isolated floors equipped
with several isolators and some equipment may be
tested under severe input loadings. Tests of this type
may be required where extremely high rates of input
loading are expected to occur. These tests are develop
mental in character but usually employ floor seg
ments, isolators, and equipments that represent proto
type components. The size of the floor segment and
the number and weight of isolators used in the tests
are governed by test machine capacity.

(2) These partial system tests provide an excellent
opportunity for validation of shock isolation systems,
particularly under extreme threat conditions. Subse
quent data analysis and performance evaluation also
permit modifications, upgrading, and improvements
to the system.

(3) Partial system tests are illustrated in figures
9-9,9-10, and 9-11. Figures 9-9 and 9-10 apply to
Minuteman upgrade, in which the floor segment is sus
pended by cable-connected liquid-spring isolators and
protected horizontally by foam isolators. Results of
these tests can be found in Boyd and Huang, 1977. Fig
ure 9-11 covers a test on a floor segment representing
an original Minuteman shock isolation configuration.

(4) Another partial test for equipment "as built"
and "as installed" in a protective facility is the drop
(twang) test of a shock-isolated platform. These tests
are generally benign as regards vulnerabilitylhard
ness, but are useful in verifying the stroking charac
teristics of the isolators, the characteristics of damp
ing, and the coupling of modes. Additional informa
tion may also be obtained about rattlespace adequacy,
rattlespace incursions (cables and piping), and the ef
fect of electrical cables and piping loops connected to
the platform.

(5) Current practice is to elevate the platform to a
specified stroke displacement and then suddenly re
lease the elevating mechanism. This test technique is
shown in figure 9-12. Another type of lifting device
used to twang-test Minuteman floors is sketched in fig
ure 9-13. The twang devices shown in figure 9-12 are
part of the inventory at the Weapons Effects Labora
tory, Waterways Experiment Station.

(6) In some early twang tests, the platforms were
pulled down with mechanical cables. However, the
quick-release devices on the cables generated such a
high transient vibration in the platform that much of
the response data was obscured.
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Figure 9-4. Horizontal Shock Testing of Cable-Suspended Liquidlsolntor (Ashley, 1976)

b. Quality control tests.
(1) Quality control vibration tests should be per

formed on installed shock-isolated platforms just be
fore the system is turned over to the operational com
mand, In this procedure, one or more vibrators (1000
to 2000 lb output force) are mounted directly on the
platform, and tests are conducted with equipment op
erating. Vibration input can be shaped into random or
sweeping sine waves over the frequencies of interest.
Amplitudes of vibration can range up to the predicted
response levels of the platform to an attack. Test dura
tions may approximate the expected threat durations.

(2) These quality control (QC) tests are expected
to uncover defects in workmanship, weakness in mate
rial, and errors in installation and hook-up. Periodic
QC tests should also be conducted during the life of the
facility to guard against deficiencies arising from the
maintenance as well as from removal, replacement,
and upgrade of equipment.

(3) Some years ago a simple impact test was em
ployed for testing operational Minuteman equipment
platforms. The device used is shown in figure 9-14.

c. Testing ofprotective facilities. Testing of full-size
protective facilities or models of facilities containing

" . • . .. . . •
~ ~ .

~ '---OUTPUT FORCE OUTPUT FORCE---

• PENDANT"""
I I,

I
,

1ll'6".
.~~PNEUHATI C.........I I
. l-/INPUT I. ISOLATOR FORCE

,
. (4) i

r. ", · • . , • • ~

Figure 9-5. Electrical Distribution Center (EDC), Safeguard System: Measurement of Transfer Function of Shock-Isolnted Platform (AA,
1978)
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Figure 9-7. Control Room PkJtform: Vertical-Response Shock Spectrum for OveraU Input (Frequency Range 0.5 to 500 Hz) (Safford- Walker,
1975; Safford et al., 1977)

shock·isolation systems may be conducted by several
techniques. These testing techniques include the fol
lowing:

-High-explosive simulation test (HEST)
-Berm-loaded explosive simulation test (BLEST)

and HEST-BLEST
-Direct-induced high-explosive simulation test

(DlliEST) and HEST-DIREST.
-High-explosive contact surface burst (HEFIELD

TEST)
-Underground nuclear tamped burst and tunnel

test

A description and discussion of each of these tests is
provided in TM 5-858-6, Hardness Verification, chap
ter 4, "Verification Requirements and Experimental
Methods."

d. Shock isolation system tests.
(1) A shock·isolated platform of the Minuteman

launch·control room was tested on the shock-simulator
shown in figure 9-15. Velocity pulses were applied to
simulate ground shock conditions. This shock simu
lator was located at the Air Force Weapons Laboratory
(AFWL), Kirtland AFB, New Mexico, and has since
been scrapped.

Figure 9-8. Control Room PkJtform: Predicted Acceleration Fourier Response Magnitude. Using the Computed Global Transfer Function Con
volved with OveraU Input (Frequency Range 35 to 500 Hz) (Safford Walker, 1975; Safford et al., 1977)
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(LOWER DRIVING RING)

ACTUATORS FOR HORIZONTAL
DIRECT-INDUCED MOTIONS
(UPPER AND LOWER RINGS)

LOWER DRIVING RING
(NOT USED IN TEST)

Figure 9-9. Dynamic Test Setup with Floor Segment in Place (Gustafson, 1976)

CABLE TRAY
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HORIZONTAL FOAM ISOLATORS

Figure 9-10. Schematic ofFloor-Segment Test Specimen (Gustafson. 1976)
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(2) The preceding test concept was developed fur
ther by the Boeing Co. for the U.S. Air Forc~ Space
and Missile Systems Organization (SAMSO) for higher
level excitation having both positive and return
strokes. This new system was designed to test Minute
man shock-isolated equipment platforms and the Min
uteman missile/missile-isolation system.

(3) Performance characteristics of these new actu
ators are listed in table 9-2. Shock spectra and wave
form performance requirements are presented in fig
ures 9-16 and 9-17. Schematics ofthe actuator are de
tailed in figures 9-18 and 9-19. Test results for both
positive and return motion are presented in figures
9-20 and 9-21.

(4) Tests for the missile/missile-isolation system
are shown in figure 9-22. This system is presently lo
cated at the Boeing Company, Seattle, Washington.
Four actuators were used for testing the shock-isolated
floor, as depicted in figure 9-23. This system is pres
ently located at Vandenburg Air Force Base, Califor
nia. Numerous tests of shock-isolated platforms have
been conducted. Among these tests were several where
the isolators were overdriven to impact and subse
quently failed.

e. Pulse simulation tests.
(1) In-place testing of equipment mounted on

shock-isolated platforms yields information for the as
sessment of hardness and vulnerability to a specified

nuclear threat of ground shock and airblast. One ad
vantage is that in-place tests can be performed, in
which individual items of equipment are electrically
interconnected and are also connected into a major
system such as the power or signal distribution net
work. Function monitoring to detect system failures,
malfunctions, or marginal performance is performed
with equipment operating before, during, and after in
place tests. Results of in-place tests provide for evalua
tion of both equipment performance and its impact on
total weapon-systems performance.

(2) The in-place tests require estimates or predic
tions of shock-isolated platform motions that would be
caused by specified nuclear environments. These pre
dictions are made by convolving the specified input fa
cility environments with the measured platform trans
fer functions. This procedure is covered in paragraph
9-3. Motion may also be predicted by the computation
al techniques covered in chapter 7, particularly those
using finite element procedures.

(3) The need for a mechanical force-pulse gener
ator arose in connection with studies on how to effec
tively simulate, by physical test, shock transients on
shock-isolated equipment located in Safeguard protec
tive structures. There was a restriction that force gen
erators could not be interposed between the shock iso
lators and the building. The platform environments
represent the building motions generated by nuclear

HORI ZONTAL
SENSING AXIS
NO RMAL TO RO D

C60B
CABINETSn

WEIGHTS

~

VERTI CAL
IMPACT

Figure 9-11. Dual Isolator Beam Segment Test (Boeing, 1977)
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Figure 9-13. Twang Device to Lift Platforms and to Release Platforms Rapidly from Offset Position (Wyle Corp.)
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(a) Plan view of shock simulator

(b) Elevation view of shock simulator

Figure 9-15. Launch Control Center Isolated-Platform Tests (Parsons, 1962)
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Figure 9-16. Primary ActuatorDesign Shock Levels (BurweU, 1976)

(254)
100 ~-r'----"*~~'-)

(2540)
1000 .....-7----~:__+"""7"---

>
t-

on......
c

TABLE 9-2. PERFORMANCE OIARACTERISTICS OF BOEING
SHOCK AC'I1JATOR

Parameter Maximum Minimum

CD Driven Weight 16,200 Ib (7348 kg) 1,900 Ib (862 kg)........
Ul 0
CD ....
1-'" Static Load'" 60,000 Ib (27,200 kg) 0.0 Ib (0.0 kg)«

Acceleration 800 g 17 gUl (Rigid Body)CD
::s.....
'"> Velocity
""'" Positive 1040 in./s (2642 cm/s) 40 in./s (102 cm/s)CD
Q., Return 190 in./s (483 cm/s) 13 in./s (33 cm/s)

'"CD

'"::s
Ul Displacement
'"CD Positive 36 in. (91.4 em) 1.5 in. (3.8 em)::;:

Return 11.5 in. (29.2 em) 0.8 in.(2.0 em)

U.S. Army Corps of Engineers
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Figure 9-21. Test/Analysis Waveform ComJXlrison, Positive Only, Missile Suspension System Test (Burwell, 1976)

Figure 9-22. Missile-Isolation System and Missile, Mounted for Test in Shock Simulator (Boeing, 1977)
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Figure 9-23. Shock·lsoln ted Pin tform Mounted for Shock Test (Four Actuators)(Boeing, 1977)

where
F =
1

attack and transmitted into the equipment through
the isolation system. The weight of the shock-isolated
platforms and mounted equipment to be tested in
place ranged from 1400 Ib to 284,000 lb.

(4) The concept for a mechanical pulse generator
simply reverses a device for energy absorption to ob
tain force output of the desired profiles. By drawing a
metal bar or mandrel through a cutting tool (or vice
versa) with suitable motive power (air pressure, hy
draulic pressure, explosive force, electrical, mechan
ical), a series or a set of force time histories may be
generated (Safford-Masri, 1974). Reaction at the at
tached points of the device transmits a force output to
the structure under test. Figure 9-24 illustrates the
device using motive power supplied by the stored ener
gy in a pneumatic cylinder. Amplitude, duration, and
shape of the pulse time histories are controlled by the
relative velocity between the cutting tool and the met
al projection on the mandrel, and by the shape of the
metal projection on the mandrel. In profile, the man
drel projection shapes show a very wide range, such as
saw tooth, sine, versine, hyperbolic, and rectangular.

(5) Forces may be generated singly and in series
for one cutting head or in parallel with multiple cut
ting heads. A single large cutting tool may be used, if
economical. The metal may be groove cut, i.e., the
work is wider than the tool width; or single cut, i.e.,
the tool is wider than the work. The cutting tool may
have a wide variety of shapes to suit any force-output
requirement.

(6) Large forces may be generated from this de
vice. The force required to cut metal is largely inde
pendent of rate (velocity) and is a function of the vol-

ume of chips cut (depth, width, and length of cut) and
of the specific energy of cutting a material. The energy
absorbed in metal cutting, as given by COE (1974), is
approximately:

Fl = lw4l (9-5)

Force of cutting, Ib
Length of cut, in.

w = Width of cut, in.
t = Depth of cut, in.
Jot = Specific energy of cutting, in.-lb/in.3

J.ls = 3 X 105 in.-lb/in?, mild steel
J.lAl = 1.5 X 105 in.-lb/in.3 , aluminum

A load cell or strain gage may be incorporated in series
with the device to provide a force-time history readout
as the device is operated.

(7) Four pulse generators were used in the Safe
guard system for each test and were attached near the
four comers of each platform. The schematic of the
pulse generator and power-actuation system is given in
figure 9-25. Power to the pulse generators was pro
vided by a hydraulic cylinder having volumetric com
pensators in series. All four units were connected in
series by metal piping. A pneumatic-hydraulic accum
ulator provided stored energy to drive the generators
at line pressures to 1000 psi. Pulse-initiation timing
was accounted for by pre-positioning each cutter/man
drel and performing calibration runs of the entire
pulse system for each platform configuration. The
pulse simulation system has been improved for opera
tional and in-place testing on several other projects.
The system is maintained by and is part of the inven-
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tory of the Weapon Effects Laboratory, U.S. Army
Waterways Experiment Station.

(8) For the in-place pulse-simulation process, a
discrete number of pulses appears quite different from
a continuous excitation signal. It is necessary, there
fore, to select the pulses in such a way that the result·
ing vibration of the platform matches as closely as pos·
sible the response (i.e., displacement, velocity, or accel·
eration) produced in the platform by the continuous
excitation resulting from the building motion (nuclear
threat input). The accuracy of simulation is deter
mined by an appropriate error criterion, as shown in
figure 9-26.

(9) It is important to note that the method of fig·
ure 9-26 requires that the response to the nuclear
threat input be known, which would generally not be
true in practice. If this response is unknown, the ap
proach used requires that (1) a mathematical model or
the measured transfer functions of the system under
study be available, and (2) the inputs of interest (nu
clear threat) be given. Under these conditions the "cri·
terion response," i.e., predicted response to nuclear
threat input, can be calculated and used to obtain the
pulse train for the simulation test. The criterion (pre
dicted) response of platforms was computed from the
input (specified) threats and the measured transfer
functions for the Safeguard project (Safford-Walker,
1975; Safford et aI., 1977a)

(10) In general, the response time history of an
article under simulated test should show a reasonable
approximation to the expected environment for mean
ingful hardness/vulnerability evaluation (chap. 4). The
following discussion is concerned with the application
of a computer algorithm for the optimum selection of a
finite number of pulse heights, pulse durations, and
onset times to accomplish the simulation.

(11) The basic criterion used for simulation accu·
racy is the integral squared error between the criterion
and pulse-simulated platform response. The error
function is evaluated at a sufficient number of points
within the multiple-degree-of·freedom platform to
characterize the platform as completely as possible.
With the error criterion given, the pulse occurrence
times, pulse widths, and pulse amplitudes are selected
by a systematic-search algorithm such that the error is
minimized.

(12) The optimization method used is a simple
relaxation algorithm (Aoki, 1971) in which each char
acteristic of the pulse train is changed repeatedly with
in certain bounds established by system characteristics
and design limitations. It was found that a convenient
way of constructing the optimum pulse train is to de
termine the best single-pulse characteristics (initiation
time, amplitude, amplitude, and duration) within a
specific segment of time. By then adding the cumula
tive effects of these segments, the complete system re-

9-22

sponse is found for any prescribed time interval over
which the criterion response is to be matched.

(13) Because of the nature of the optimization
procedure, repetitive evaluation (thousands of repeti
tions) of system response to a given pulse was manda
tory. It was necessary to develop an efficient method
for evaluating the system response during the period
t i - t, given the nonzero initial condition of the system
at timet;.

(14) The foregoing method was applied to four
platforms. In order to use the simulation method in
conjunction with the optimization procedure discussed
above, the following steps were performed:

(a) The impulse responses for each platform
were determined for each pulse location. This was ac
complished by converting measured transfer impe
dance functions in the frequency domain to transfer
impedence impulse functions in the time domain.
Typical functions for each platform are shown in fig
ure 9-27.

(b) Using the optimization algorithm, the criter·
ion platform response was simulated by pulse trains
convolved with the above impulse function. Typical
computed pulse trains are shown in figure 9-28.

(15) Using the pulse profiles specified above, pis
ton velocities of the hydraulic system (fig. 9-25) were
established and mandrels of the pulses were machined.
Measured pulse trains from in-place tests are also
shown in figure 9-28. Typical acceleration-time histo
ries obtained are displayed in figure 9-29. These fig
ures are a three-way comparison of (1) criterion (pre
dicted) response to nuclear threat, (2) pulse-simulated
response, and (3) actual response of platforms to in
place pulse tests. The same three-way comparison for
each platform is also shown in shock spectrum format
in figure 9-30.

9-5. Shock spectra.

a. Prediction of higher frequency response of shock
isolated platforms.

(1) Prediction of the frequency response of shock
isolated platforms prior to construction and installa
tion in a protective facility is a critical requirement.
These platforms response predictions are used to es
tablish the qualification, production, and fragility en·
vironmental tests for procurement of equipment that
will be subsequently mounted on these shock·isolated
platforms.

(2) Chapter 7 covers dynamic analysis, particular
ly finite element procedures that may be used for pre
diction of platform response. However, accurate pre
diction is extremely difficult due to the complexity of
the equipment/platform/isolators and due to the high
frequency involved (500 Hz). In some circumstances,
frequencies of 2000 Hz and above may be of concern.
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Additionally, modeling time and computer costs can
be substantial.

(3) An empirical method for predicting shock
spectra response was developed for shock-isolated plat
forms for the Safeguard system (Safford-Walker,
1975). To predict shock response for a general class of
rectangular shock-isolated platforms with a variety of
equipment mounted thereon, only the following infor
mation is required:

-Acceleration shock spectra of facility environ-
ment at location of shock-isolation system

-Length of platform
-Width of platform
-Average weight supported by each isolator
-Density: ratio of the total weight of platform

and equipment to platform area

TM5-858-4

These empirical predictions have the following con
straints:

-Frequency range, 36 Hz to 460 Hz
- Vertical direction only
-Facility environment-oscillatory time history

(with frequency components of 36 Hz to 460 Hz
and an approximate time duration of 2 sec)
(4) A very simple computer routine can be made

from the information presented in this section (see
app. B).

(5) A multivariate regression method was used to
predict responses for shock-isolated platforms. Regres
sion analysis may be viewed as the problem of deter
mining a linear relationship between two or more vari
ables. It may also be viewed as a linear curve-fitting
procedure in which
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where
x(ss)

f3n

9-6. Time series data analysis.
a. Except for rather simple tests, the majority of

(9-8)
•• (ss) •• (ss) facility input ss
Ynew =Yref. ----"---''----

ref. input ss

where
facility input ss

ref. input ss

.. (ss)

Yref.

spectrum frequency are listed in table 9-4.
(9) Figures 9-33 and 9-34 show two platform re

sponses to the referent environment input as com
puted from transfer function data. Overlaid on each
plot is the predicted shock spectrum for that platform,
derived by multivariate regression analysis.

b. Predicted shock spectra.
(1) The predicted shock spectra show a good corre

lation with the actual shock spectra if all 10 platforms
are viewed in a statistically functional relationship. In
dividually, 7 of the 10 platforms (in the data base) are
almost perfectly predicted to within ± 11. standard de
viations.

(2) The shock spectrum responses of platforms
can be predicted by using their specific characteristics
(length, width, length/width, density, wtliso) with the
coefficients from table 9-4. These values are the plat
form responses to the reference input. Typical exam
ples are responses predicted for unmeasured platforms
by the regression method are shown in figures 9-35
and 9-36.

(3) To develop the platform shock spectrum for a
part~cular facility location, a scaling technique is used,
and It should comply reasonably with the constraints
of wave shape similarity, frequency bandwidth and
time duration of the reference input. The proc~ure
calls for dividing the shock spectrum values of the fa
cility environments under consideration by the shock
spectrum values of the reference environment. A rela
tionship can be drawn as follows to form a pseudo
transfer function.

= Acceleration input shock
spectrum specified for a
particular facility under
consideration

= Reference acceleration
shock spectrum

= Platform acceleration re
sponse shock spectrum to
facility input environ
ment

= Platform acceleration re
sponse shock spectrum to
reference input environ
ment

(4) Figures 9-35 and 9-36 also show platform re
sponse to shock spectrum input environments of dif
ferent facilities, determined from the above scaling
technique.

.. (..,)
Ynew

y = f30 + fJIXl + f12~ + ... + flnXn (9-6)
where

Y = Dependent variable
f3n = Regression coefficients to be determined
Xn = Independent variables

(6) In the regression computation, values of (3 are
assumed; and with the independent variables of Xn , Y
is computed. This Y is compared to the known Y value
for the platform, and the (3 values are adjusted through
iterative procedures to within some error limit. The in
dependent variables, Xn , are the particular character
istics of any platform.

(7) Examination of the multivariate regression
procedure indicated that a polynomial set of independ
ent variables was needed to generate predictions with
in acceptable error. The polynomial approach was gen
erated by representing the shock-isolated platforms in
the form of plates. Since the dynamic response of a
plate (hence its shock spectrum) is directly related to
its frequency spectrum, the following characteristic
parameters were chosen as independent parameters
for the regression analysis: 1, w, P, wtIiso. On the ba
sis of several trial cases, the following nonlinear multi
variate regression was evolved:

x(ss) =f30 + Pl ' + f1212 + f3s13 + (34P+ P5 p2

+ (3/3 + f3?(1/w) + f3s(wtliso)
(9-7)

= Acceleration shock spectra
= Coefficients of regression for each fre

quency point
P = Weight/area, Ib/ft2 (calculated density)
1 = Length, ft
w = Width, ft
wt/iso = Total weight per isolator

(8) The particular data bases used for this analysis
were the dependent variable values of shock spectra
responses from 10 platforms. These platforms were
measured in-place for transfer functions (figs. 5-13 to
5-22). Using a reference facility input motion (fig.
9-31), the acceleration time history and shock spectra
response were calculated for each of the 10 platforms
as covered in the procedures of paragraph 9-3. The in
d~pendent ~ariable platform characteristics-length,
WIdth, denSIty, length/width ratio, and weight per iso
lator-are given in table 9-3. Note the wide range of
these independent variables. To ensure optimum pre
dictive results, the error limit for the response data for
the 10 measured platforms was set at ± 1 standard de
viation (± 10) about the mean. Also, because of the op
timum distributive sampling of the measured plat
forms, the upper and lower bounds of most practical
platforms will not exceed the upper and lower bounds
of the 10 platforms under investigation (fig. 9-32).
The regression coefficients determined for each shock
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validation work will require sophisticated time series
data analysis. The reduction, processing, and presenta
tion of test data is required to assess the hardness/vul
nerability of shock isolation systems.

b. Basic methods of time series data analysis in
clude the following:

TM5-151-4

(1) Amplitude Domain
Mean, variance, and rms
Probability density histogram

(2) Time Domain
Auto- and cross-covariance (correlation func

tions

FREQUENCY. Hz

Ca) Reference shock spectrum

Synthesized waveforJII acceleration time history to
match reference shock spectrum (Yang, 1971)

6
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2
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TIME, 5

2.5 3.0 3.5 4.0

Figure 9-31. Reference AccelemtionInput Motion for Shock Isolation Systems (Safford-Tuttle, 1974)
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,
TABLE 9-3. REGRESSION PARAMETERS FROM 10 TRANSFER-FUNCTION MEASURED PLATFORMS (DATA BASE)

-4
~
VI

J.

t

Weight
Length, Width, Total Number Density per

1, w, Weight, of p, Isolator,
Platform it ft lb Isolators R./w 1b/ft2 lb/unit

PARPP-H 14 5 7,500 4 2.8 107 1,875

RLOB-124B 10 8 11,000 4 1.25 137 2,750

PARPP-D 12 4 13,100 4 3.0 273 3,275

PARPP-G 13 5.5 13,700 4 2.36 192 3,425

RLOB-124C 23 7 23,500 6 3.29 146 3,917

MSCB-12SB 31 9 32,600 4 3.44 117 8,150

MSRPP-9-10 26 24 66,600 20 1.08 107 3,330

PARPP-A 52 14 109,300 17 3.71 150 6,429

PARPP-CR 64 49 198,000 18 1.31 63 11,000

MSRPP-2W 77 i6 244,000 20 4.81 198 12,200

U.S. Army Corps of Engineers
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FREQUENCY, Hz

Figure 9-33. Platform PARPP-D, Safeguard System: Comparison
of Shock Spectra Determined from Transfer Function
Measurements and from Regression Prediction Meth
od(Sc,fford- Walker, 1975}
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Figure 9-32. Distribution of Shock Spectra for 10 Platforms Meas
ured in Place (Response Computations Determined
from Reference Input.) (Safford- Walker, 1975)
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Platform PARPP-CR, Safeguard System: Compari
son of Shock Spectra Determined from Transfer
Function Measurements and from Regression Predic·
tion Method (Sc,fford- Walker, 1975)

Figure 9-34.
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Convolution
Recursive digital filters

(3) Frequency Domain
Fourier transforms
Power (auto) and cross spectra
Frequency response functions
Coherence functions

(4) Miscellaneous
Digital filters

c. The above methods can be used for additional
analyses, including the computation of system func
tions (impedance, inertance, transfer functions) and
impulse functions, and the extraction of mode shapes.
When used with input excitation, responses in the
time and frequency domain may also be determined.

d. Computer hardware and software systems em
ployed in the analysis of shock and vibration test data
are fully discussed in Shock and Vibration Computer
Programs, Reviews and Summaries, (Pilkey-Pilkey,
1975). The hardware and software systems are sum
marized in appendix B.
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t.., TABLE 9-4. MULTIVARIATE REGRESSION COEFFICIENTS FOR PREDICTIVE ANALYSIS

Frequency,
80 81 82 13 3 84 135 136 137 88 Hz

-0.3671+4 0.1816+3 -0.4627+1 0.3658-1 0.5376+2 -0.3186-0 0.6015-3 - 0.3542+3 0.2769-1 0.3587+2
-0.3122+4 0.7055+2 -0.1866+1 0.1581-1 0.5248+2 -0.2986+0 0.5390-3 -0.1834+3 0.8508-1 0.3885+2

0.1324+4 0.3176+2 -0.7958+0 0.7189-2 -0.2768+2 0.1661+0 -0.3041-3 -0.5416+2 0.3755-1 0.4208+2
0.2770+3 0.2708+2 -0.7668+0 0.7888-2 0.3615+1 0.1999-1 -0.2525-4 -0.1168+3 0.2307-1 0.4557+2

-0.2231+4 0.1534+3 -0.3755+1 0.3092-1 0.3237+2 -0.1924+0 0.3828-3 -0.3151+3 -0.5636-1 0.4936+2
0.9328+3 0.4182+2 -0.7003+0 0.6436-2 -0.2307+2 0.1691+0 -0.3339-3 -0.1138+3 -0.3805-1 0.5346+2
0.1915+4 0.1321+1 -0.1115+0 0.2587-2 -0.2493+2 0.8769-1 -0.3439-4 0.1548+2 0.3273-2 0.5790+2
0.2106+3 0.2724+2 -0.4712+0 0.3393-2 -0.5182+1 0.3216-1 -0.2902-4 -0.7303+2 -0.9454-2 0.6272+2
0.9574+3 0.2593+3 -0.5747+1 0.4141-1 -0.3565+2 0.1926+0 -0.2729-3 -0.5078+3 -0.1049+0 0.6793+2
0.5243+3 0.1257+3 -0.2937+1 0.2139-1 -0.2981+2 0.2299+0 -0.4646-3 -0.2035+3 -0.3083-1 0.7357+2
0.1111+4 0.8103+1 0.7443-1 -0.~058-3 -0 2447+2 0.1699+0 -0.3424-3 -0.1392+2 -0.1855-1 0.7969+2
0.9228+3 0.1217+2 0.1296+0 -0.1420-2 -0.1416+2 0.8690-1 -0.1530-3 -0.1106+3 -0.2226-1 0.8631+2

-0.1158+3 -0.1533+2 0.5640+0 -0.2672-2 0.8084+1 -0.5302-1 0.1078-3 0.5595+1 -0.2430-1 0.9348+2
-0.1040+4 0.4503+2 -0.1289+1 0.1220-1 0.1445+2 -0.8032-1 0.1474-3 -0.5101+2 0.9394-2 0.1013+3
-0.4469+4 0.2538+3 -0.5807+1 0.4325-1 0.6331+2 -0.3757+0 0.7323-3 -0.4543+3 -0.1045+0 0.1097+3
-0.1325+4 0.1507+2 -0.2160+0 0.1230-2 0.2513+3 -0.1526+0 0.2944-3 -0.5427+2 0.2115-1 0.1188+3

0.2422+4 -0.2801+1 0.2792+0 -0.2370-2 -0.4278+2 0.2466+0 -0.4361-3 -0.2687+2 0.5897-2 0.1287+3
0.1932+4 0.1273+2 -0.1695+0 0.3801-3 -0.2216+2 0.1415+0 -0.2691-3 -0.3453+1 0.8266-2 0.1393+3

-0.1460+4 -0.1057+2 0.2085+0 -0.7054-4 0.3544+2 -0.2048+0 0.3754-3 -0.7009+2 0.1641-1 0.1509+3
0.2432+4 0.6671+2 -0.1154+ 1 0.5777-2 -0.5630+2 0.3595+0 -0.6852-3 0.9941+2 0.7622-1 0.1635+3
0.3143+4 0.8239+2 -0.9593+0 0.2640-2 -0.6250+2 0.3211+0 -0.4407-3 0.1289+3 -0.1567+0 0.1770+3

-0.5764+3 -0.2426+3 0.7021+1 -0.5304-1 0.7.875+2 -0.5125+0 0.9827-3 0.1297+3 -0.1322+0 0.1918+3
-0.3351+4 -0.2592+3 0.6601+1 -0.4634-1 0.1428+3 -0.8571+0 0.1552-2 -0.2567+3 0.2296-1 0.2077+3
-0.7135+3 -0.1400+3 0.3136+1 -0.1885-1 0.773f;+2 -0.4940+0 0.9336-3 -0.3281+3 0.2230-1 0.2249+3
-0.6098+4 -0.2125+3 0.4958+1 -0.3242-1 0.1876+3 -0.1111+1 0.2023-2 -0.5176+3 0.1051+0 0.2436+3

0.4951+4 0.3359+2 -0.9849+0 0.8110-2 -0.1019+3 0.6770+0 -0.1339-2 -0.1063+3 -0.4448-2 0.2639+3
0.2153+4 -0.1006+3 0.2945+1 -0.2299-1 -0.1525+2 0.8887-1 -0.1569-3 -0.2303+2 -0.2198-1 0.2858+3
0.1328+5 -0.4249+1 0.3202+0 -0.8384-2 -0.2834+3 0: 1911+1 -0.3817-2 -0.7398+2 0.2743-1 0.3096+3
0.4553+4 -0.9148+2 0.2788+1 -0.2400-1 -0.7136+2 0.4701+0 -0.8750-3 -0.1155+3 0.1199-1 0.3353+3
0.2531+4 -0.1543+1 0.2966+0 -0.3936-2 -0.5116+2 0.3498+0 -0.6554-3 -0.7523+2 -0.1623-1 0.3632+3
0.5444+4 0.1029+2 0.6352-1 -0.2988-2 -0.1101+3 0.7199+0 -0.1397-2 -0.9570+2 -0.1380-1 0.3933+3
0.7325+4 -0.2826+2 0.1256+1 -0.1232-1 -0.1330+3 0.8424+0 -0.1617-2 -0.1001+3 -0.3762-1 0.4260+3
0.1263+5 -0.1144+3 0.4560+1 -0.4489-1 -0·2607+3 0.1829+1 -0.3742-2 -0.2691+2 -0.8684-1 0.4614+3

U.S. Army Gorps of Engineers
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Figure 9-35. Platform MSCB-250A, SafegU4rd System: Vertical Shock-Response Spectra (Regression Prediction Method) (Safford- Walker,
1975)
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Figure 9-36. Platform MSRPP-1, SafegUlJrd System: Vertical Shock-Response Spectra (Regression Prediction Method) (Safford- Walker,
1975)
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APPENDIX A

TRANSIENT AND SHOCK TEST DATA FOR VARIOUS EQUIPMENTS

A-1-3. References and credits.
Dept. of Navy (NAVY). Requirements for Shock Tests,

sented in tables A-l-l through A-1-43. An index to
these tables is provided below:

EQUIPMENT-TO-TABLE CROSS REFERENCE

Available data from transient and shock tests per
formed upon various types of equipment are presented
in this appendix. Summaries of tests conducted, test
machines, types of equipment and test results are pro
vided. Reference documents covering each equipment
tested are given for each tabulation. The appendix is in
five main divisions:

A-I. Equipment tests by U.S. Navy LWHI and
MWHI shock machines

A-2. Transient shock tests of commercial commu
nication equipment

A-3. Transient shock tests of commercial electric
power and conditioning equipment

A-4. Shock spectrum analysis for command com
munication equipment

A-5. Shock testing for Emergency Operating Cen-
ters in Albany and Oklahoma City

Each division of this appendix deals with a unique en
vironment and equipments. The test descriptions are
general. Usage must rely on engineering judgment to
guide the selection of those tests applicable to the spe
cific shock isolation system and requirements of inter
est. References and credits listed at the end of each
division of this appendix provide sources of additional
information and identify sources on which figures and
tables are based.

A-l. Equipment Tests by u.s. Navy LWHI
and MWHI Shock Machines.

A-l-l. Shock response spectra of equipments tested
upon U.S. Navy light-weight, high-impact (LWHD and
medium-weight, high-impact (MWHI) shock machines
are provided in figures A-I-I through A-I-13.
MIL-S-901 is the specification covering the use of
these machines. The response spectra are presented
for a range of equipment weights, impact hammer
drop heights, mounting plates, and specimen orienta
tion on the machine. Shock tests performed with the
lightweight machine normally utilize four types of
mounts; these are designated the 4A, 4C, 6E, and 6D
mountings. The first two are usually used when test
ing mechanical systems, and the latter two are used
for electrical systems. Applications may be made by
evaluation, interpretation, and interpolation of the
data and the equipment.

A-1-2. Test results from equipment tested upon
U.S. Navy LWHI and MWHI shock machines are pre-

Electronic Equipment
Antennas
Frequency Standard
Oscilloscopes
Oscilloscope Components
Time Comparator Systems
Tube Traveling Wave

Mechanieal Equipment
Compressor
Diesel-Generators (see under electrical eqipment)
Fans
Fastener Anchor
Frame, Diesel Engine
Gages
Heat Exhanger
Motor and Pump
Pumps (see also motor and pump)
Shielding, Lead
Valves

Electrieal Equipment
Batteries
Battery Jars
Brush Holder
Bus Transfer Unit
Chokes (see oscilloscope components, Table A-1-4)
Circuit Breakers
Contactors
Controller
Diesel Generators
Fittings, Encapsulated
Fuse Box
Gear Motor
Motors (see also motor and pump under mechanical

equipment)
Generators
Motor Generators
Panels (Alarm, Control, and Indicator)
Plug and Receptacles
Rectifier
Relays
Resistors
Switchboatds
Switches, Limit
Switches, Rotary
Switches, Rotary Snap
Swithces, Toggle
Switches, Miscellaneous
Temperature Elements
Voltage-Sensitive Elements

Table

A-l-l
A-1-2
A-1-3
A-1-4
A-1-5
A-1-6

A-1-7

A-l-B
A-1-9
A-l-IO
A-l-ll
A-1-12
A-1-13
A-1-14
A-1-15
A-1-16

A-l-17
A-I-18
A-1-19
A-1-20

A-1-2l
A-1-22
A-1-23
A-1-24
A-1-25
A-1-26
A-1-27

A-1-28
A-I-29
A-1-30
A-1-3l
A-1-32
A-1-33
A-1-34
A-1-35
A-1-36
A-1-37
A-1-38
A-1-39
A-1-40
A-1-4I
A-1-42
A-1-43

A-l
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H.I. (High Impact); Shipboard Machinery, Equipment,
and Systems, MIL-S-901 Washington, D.C.: Navy.

Eubanks, R. A. and Jaskie, B. R. "Shock Hardening of

Equipment," Shock and Vibration Bull. No. 32, Pt. 3.
Washington, D.C.: Naval Res. Lab, Dec 1963.
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FIGURE A-l-3. SHOCK SPECTRA FOR NAVY LIGHTWEIGHT, HIGH-IMPACT, SHOCK
MAQUNE (M:>UNTING = 4A PLATE, SPECIMEN WEIGIIT = 261 LB,
DROP HEIGHT = 5 FT)
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FIGURE A-1-4. SHOCK SPECTRA FOR NAVY LIGHTWEIGHT, HIGH-IMPACT, SHOCK
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DROP HEIGHT = 5 FT)
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DROP HEIGHT = 5 FT)
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FIGURE A-1-7. SHOCK SPECTRA FOR NAVY LIQ-ITWEIQ-IT, HIGH-IMPACT, SHOCK
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FIGURE A-1-8. SHOCK SPECTRA FOR NAVY LIQ-ITWEIGHI', HIGH-IMPACT, SHOCK
MACHINE (MOUNTING = 4C PLATE, SPECIMEN WEIQ-IT = 389 LB,
DROP HEIGHT = 5 FT)
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FIGURE A-1-9. SHOCK SPECTRA FOR NAVY LIGITWEIGHT. HIGH-IMPACT. SHOCK
MACHINE (HEIGIT OF HAMMER DROPS = 1-5 FI'. POSITION =
BACK, WEIGHT = 121 LB)
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FIGURE A-1-10. CLASS A TEST SPECTRA FOR NAVY MEDIUM-WEIGHT. HIGH-IMPACT,

SHOCK MACHINE (EQUIPMENT WEIGHT = 1115 LB. TOTAL WEIGHT
ON ANVIL TABLE = 1858 LB)
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FIGURE A-I-H. CLASS A TEST SPECTRA FOR NAVY MEDIUM-WEIGHT, HIGH-IMPACT,
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ON ANVIL TABLE = 3026 LB)
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FIGURE A-I-12. CLASS A TEST SPECTRA FOR NAVY MEDIUM-WEIGHT, HIGH-IMPACT,
SHOCK MACHINE (EQUIPMENT WEIGHT:: 3386 LB, TOTAL WEIGHT
ON ANVIL TABLE = 4424 LB)
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TABLE A-l-I. ANTENNAS"

Type 01 FailureResultReport
Desll(nallon

Tl'st
Spl'r llir allon

Type'

Ge'IlI'r~1 ()psrrll'lIon: IlCM ,,,,II·nnas. Iwo Typr AS-~91. Iw.. Tv!",. AT-693, and I TV"" 994 w.. re reporled on.

I 'F:'--l'-~-_O" _.~---_._~ I I iAllprox Imal,'
W,'j 'hl . T"KI T"KI Marhilll' Numhrr

". _~I~ _. t.~'V '~'(ll~n,:~. .. ... _. __ ~cstl'd
PassedAnte'nnas L 30 /1 0

, 3-, and 5·ft [NaVY LWHI I 5 JMIL-S-90IB 1Ma•. r Island
drops shol'k nlal'hlnt' 4C mounlln.: N~vShipVd

• ._•••_. • ••• _ • .0 • _ m_. • _4054-61 I I I

TABLE A-1-2. FREQUENCY STANDARD
General Desrnptlon: Modl'1 I03AR Irl'quent)' sland~.l'd.

---J--'-'-r--o,--~--~
Type Ap~:~~:~ale Test Test Machllle Number Tesl" Report Result Type ol Failure

(1I~.. E~\'ll'Onm~onl. 0 0 0.. ..0. •• Tesled 0 Specilicalion
Designation

Mudel 65.5 1-,3-, and 5-ft Nal'Y LWHI I MIL·E-16400 Mare Island Failed (3 It top) Crystal allllem-
103AR side hlow; shotk machine NavShipVd bly was dam o

1- and 3 -It top 5569-50 aged
blow

----- ------ -
. ___._ L..-___

TABLE A-1-3. OSCILLOSCOPE

-t
~

tr

. EIl Machine Number Test Report Result Type 01 Failure

.: Tesled Specllication Designation

LWHI I MIL-S-90ID Mare Island Passed -
'k mal'hine 4e mounting NavShipVd

1806-60

LWIII I MIL-T-945 Mare Island Passed -
:k mathine 4C mounting NavShipVd

2365-59

-_ .. _--_ .. _-~- -'---_. -~._._---

LWHI 1 MIL-S-901£l Marl' Island Passed -
:k muchinc 4C muunlinK NavShipYd

8103-59

.0. - __ --, __00 -- ---~---,_.- -------_.

I~. 2-, and 3-ft INavy
and 2-, 3 - J ~ho

and 4-,1-,2-,
alKI 3-ft hlows

90

72 11-,2-. and 3-ft \Navy
and 2-, 3-, sho
and 4- ft hluws
Irom back and
and sidl' and
from IUJl

Gener..ll D£.'scnpuon: 1. Type AN/USN-IDS oscilloscope wlth plug-in units.
2. Modd 160AN oscilloscup.. with duallrace ampliller.
3. Typ.. ANT;t.:SN-105 osdlluscop...

• om [.--.--- 'EOApJlr(,ximale 'sl
Typ.. WelKhl Tc TesI l (Ill) mo. Env Ir~nmenl . 0 ,_. •

98 11.,2-, and 3-1t I~~
and 2-. 3-, sho
and 4-ft hlows
f rom hack and
side, and from
tup

~

~
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TABLE A-1-4.

•

OSCILLOSCOPE COMPONENTS

;

!
General Description: The components consisted of one transformer and four chokes.

._- ---~--~

Approximate
Test Number Test ReportType Welll:ht Test Machine Result Type 01 Failure

(lb) Envtronment Tested SpecIfication D(,:ii~nation

_c",=-,L.

Components 30 1-,3-, and ~-ft Navy LWHI ~ MIL-S-90lD Mare Island Passed -
drops shock machine 4A mountin~ NavShipYd

7810-59

TABLE A-l-S. TIME COMPARATOR SYSTEM

General Description: I. Time comparator system HP-K-17-999B With IreqlJ@ncy divider model IIGAR
2. Time comparator system HP-Kl7-999 A/B componenl with' H13-120AR scope and 725 AR power supplv.
3. Frequency divider and clock model 113X. '

ApprOXimate
Telt Number Test ReportType Weight Test Machine Result Tvpe 01 Failure

(lb) Environment Tested Specification DeslRnalion

I 144 1-, 2-, and 3-ft Navy LWHl 2 MIL-S-90IB Mare Island Passed -
drops shock' machine 4C mounting NavShlpYd

6987-61

2 180 1-,2-, and 3·ft Navy LWHl 1 MIL-S-90IB Mare Island Failed (l It Cathode ray
drops shock machine 4C mounting NavShlpYd back) tube broke

4296-61 away Irom
base

3 40 I·, 2-. and 3·1\ Navy LWHI 1 MIL-S-90IB Mare Island Passed -
drops shock machine 4C mounting NavShlpYd

I027-~9

TABLE A-1-6. TRAVELING WAVE TUBE

General Description: Traveling ways tubs No. X211.

ApprOlllmats Test Number Test ReportType Wellht Telt Machine Rllult Type of Failure
(Ib) Environment Tested Specification Designation

TUbs 3:i 11-, 3-, and :i·ft INavy LWHI 1 IMIL-II-lIlllB I'Mare ISland IFailed (3 ft Broken cathode
drops .hock machine 4C mounting NavShlpYd back)

405~-81



TABLE A-1-7. COMPRESSORS

General Deacrlpllon: The compreeaor was .. Iwo-atlllle, horizontally oppoeed. type ASISO-30OCFM air compreasor. The compressor _a
driven by a guollne engine, Incorporated Into the aame unit aa wae the compreuor. The compressor was tested with power on.

Approximate
Test Number Test ReportType Weight Teet Machine Reault Type of Failure

(Ib) Environment Tested Specification Designation

150-300 210 1-,3-, and S-ft Navy MWHI I MIL-S-901 ASTIA-AD Passed -
CFM drop shock machine 201782

TABLE A-I-B. FANS

General DescrIption: Two reports were reviewed. Both fans were of 8-ln. dtameter. One used a liS-volt dc motor. The aecond used a
liS-volt ac motor. Both fans are used for refrlgeraUon and both were tested with power on.

Approximate
Test Number Test ReportType Weight

Environment
Test Machine

Tested Spec IlIcation Deslgnatiolt
Result Type of Failure

(lb)

liS-volt ac 60 1-.3-,and 5-ft Navy LWHI I JAN-F-ISIH ASTIA-AD Failed Base plate
drops shock machine 43519 buckled

1I5-volt dc 60a 1-.3-,and 5-ft Navy LWHI I JAN-f-15IH ASTIA-AD Fan blade
drops shock machine 42119 Failed locked aglllnst

guard

aEIUmated

TABLE A-I-g. ANCHOR FASTENERS

r....

General Description: The anchor fasteners consisted of an assembly of cable hangers and lengths of cable attached to a steel plale by
means of a perforated surface piate and adhesive.

.Approxtmate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(lb) Environment Tested Specilication Designation

Anchor 10 1-, 3-, and 5-ft Navy LWHI I MIL-S-901B Mare Island Failed on 5-ft Separation of
drops shock machine mounting not Report drop back 3/4-ln. cable

menUoned 1202-60 at the point of
the "V."

-

;

~



General Description: The equipment consisted of a diesel engine frame with two cylindrical castings and bearing cap assemblies. A bar
of rolled steel was Inserted Into the crank shaft position to simulate the mass of the crankshaft. Thts was a single throw, type FV-9A
diesel engine frame made of nodular Iron.

•I..
N

TABLE A-l-10. DIESEL ENGINE FRAME

~

:I

~
Approximate

Test Number Test ReportType Weight Test Machine Result Type of Failure
(Ib) Environment Tested SpeciHcation Designation

FV-9A 4565 2.Q-, 3.5-', and MWHI shock 1 MIL-S-90l EES 5C101782 Passed -
3.5-ft blows machine

TABLE A-l-ll. GAGES
General Description: The Wter gage model MQD, which gives a signal when air filters should be serViced, was being conSidered for use
by the Navy. The Navy also considered using a Magnehellc gage to Indicate when a lilter required cleaning. The pointer gage has slack
diaphragms for sensing elements; the pointers are attached to the diaphragm by linkages. Two brass based pressure controls for air
conditioning control equipment were also in the available reports.

Approximate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(Ib) Environment Tested Specification DeslgnatlDn

Filter 1.9 1- and 3-ft Navy LWHl 1 M1L-S-901B ASTIA-AD Failed 5th blow a
drop shock machine 60 mounting 160612 (back)

Magnehellc 1.1 1- and 3-ft Navy LWHI 1 MIL-S-901B ASTIA-AD Failed 6th blow b
drop shock machine 60 mounting 180458 (back)

Pointer 6.8 1-,3-,and 5-ft Navy LWHI 1 MIL-S-9018 Material lab Failed lst blow c
drop sllOck machine 60 mounting NY NavShlpYd FIXed, then

5956-3 passed

Control 4.6 1- and 3-ft Navy LWH) 2 N.D. 66S3 Material lab Failed Cover clip
Sample A drop shock machine 4A mounting NY NavShlpYd loosened, lost

4429-C-22B adusting knob
Sample B 4.4 1-,3-,and 5-ft

drop

&Entire (ront hou.ina: of the!' gage new of! and fell to the fioor.
blndicator needle broke off. helical bar supporting needle jumped its bearings, and the magnet broke.
COn the firet blow, the indicator faiJed to indicate properly. On the fifth blow, the flame arreltor pointer failed to indicate properly. After

calibra.tion and repair of a. cracked air hose, the equipment palled.

TABLE A-1-12. HEAT EXCHANGER
\

General Description: A laboratory-developed, water-cooled, heai exchanger was made to alleViate the problem of maintaining satisfactory
ambient temperatures for electronic equipment aboard Naval vessels. The heat exchanger was lIUed with water durlnl the .hock te.t.

Approximate
Test Number Test ReportType Weight Test Machine Re.ult Type of Failure

(lb) Environment Tested Specllicatlon DesignatiOn

Held ex- 75 1-. 3-. and 5-ft Navy LWHI 1 MIL-S-901B Material lab Passed -
changer drops shock machine 4A mounting NY NavShlpYd

5441-3



TABLE A-l-l3. MJTORS AND PUMPS

General Description: Eleven reports were reviewed on motors and pumps. It Is most convenient (or the equipment to be broken down Into
three classlllcations by weight. The equipment was tested running and at a standstill during alternate blows. The first class was the 0 to
300-lb class:

1. 1-hPI 30-gpm close-coupled centrifugal M and P
2. 3-hp, 250-gpm close-coupled centrifugal M and P
3. 5-hp, 50-gpm close-coupled centrifugal M and P
4. 2-hp, 2-gpm close-coupled centrifugal M and P

Next was the 300- to 600-lb class:

1. 3-hPI 100-gpm close-coupled centrifugal M and P
2. 15-hp, 185-gpm close-coupled centrifugal M and P

n 3. 5-hp, 400-gpm close-coupled centrifugal M and P
4. 10-hp, 125-gpm close-coupled centrifugal M and P
5. 7.5-hp, 600-gpm close-coupled centrifugal M and P

The final group consisted of those reports reviewed In the above 600-lb class:

In
1. 15-hp, 100-gpm close-coupled centrifugal M and P
2. 25-hP. 250-gpm close-coupled centrifugal M and P

,.
I...

Cot

Approximate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(lb) Environment Tested Spec ification Designation

I 0-300 1-,3-, and 5-rt Navy MWHI 4 N.D. 6653 ASTIA-AD 4 passed a
drops shock machine 201017

201031
201015
201016

n 300-600 1-,3-, and 5-ft Navy MWHI 5 N.D. 6653 200977 4 passed b
drops shock machine 201019 1 faUed

ATI205436
AD 201020

201018

In 600--- 0.75-, 1.75-, NavY MWHI 2 N.D. 6653 AD 201076 Passed
and 1.75-ft shock machine 201077
blows

aOn th~ 3-ft back blow, the 5-hp, 50-lCpm motor and p"mp sustained p.. rmanent deformation of the shaft to bind during rotation.
bOn the I .ft front blow, th .. motor of the 5-hp, 400-gpm motor and pump ~ustained electrical damage. All of the above pumps had to be

modified for whippinlC action of thl' overhanginlt mas, at the pump housing.
...
~
UI

~

f
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TABLE A-l-l4. PUMPS

General Description: 1. A positive displacement, constant delivery, vane type, hydraulic pump with a maximum fluld delivery rate of 8.4
gpm at 1200 rpm.

2. A 100-hp motor and suitable reduction gear as the prime mover. It too was a hydraulic pump, and was used as a
power pump with a delivery rate of 192 gpm at 1100 psl.

The equipment was rUMing at a standstill during alternate blows.

Appro'limate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(lb) Environment Tested Specification Designation

Vane 29 1- and 3-ft Navy MWHI 1 MIL-P-17869 ASTIA-AD Failed Mounting base
drops shock machine 4C mounting 77814 fractured on

3-ft vertical
blow

Power 2575 1.25-, 2.25-, Navy MWHI 1 MIL-S-901B ASTIA-AD Passed -
and 2.25-ft shock machine 159766
drops

TABLE A-l-lS. LEAD SHIELDING

General Description: Two types or methods of shielding surfaces with lead were reviewed; the first was by spraying the lead, and the sec
ond method was by burning In the lead.

Approximate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(lb) Environment Tested Spec if ication Designation

Sprayed 13.85 1-, 3-, and 5-ft Navy LWHI 1 MIL-S-901B Mare Island Failed Hairline crack
drops shock machine 4A mounting NavShipYd of bond

1635-59

Burned in 14,0 1-, 3-, and 5-ft - 1 MlL-S-90IB - Passed
drops 4A mounting

;

i
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TABLE A-1-16. VALVES

General Description: 1. Two ball valves.
2. A rotor valve.
3. Two 1/2-in., packless valves in closed position".
4. A pressure control, diaphragm operated external air pilot actuated type I valve (corresponds to a Navy type I,

Series 150, Class B valve).

ApprOXimate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(lb) Environment Tested Spec ification Designation

Ball valves 80 1-, 3-, and 5-ft Navy LWHI 2 MIL-S-90lB Mare Island Passed -
2-1/2 in. drops shock machine 4A mounting NavShipYd

4035-61
6 in. 30

Rotor valve 75 1-, 3-, and 5-ft Navy LWHl 1 MIL-S-90lB Mare Island Passed -
drops shock machine 4A mounting NavShipYd

3188-61

Packless 3.5 1-,3-, and 5-ft Navy LWHI 2 Norman Mare Island Passed -
No.1 and drops shock machine Browning Co. NavShipYd
No. 2 (pIpe and 1478-60

metal blocks
mounting)

Pilot valves loa 1-,3-, and Soft Navy LWHI 2 MIL-S-901B ASTIA-AD Passed -
alum steel drops shock machine (mounted In 106139

piping)

aEstimated

..
I
\II
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TABLE A-1-17. BATTERIES

~

I
UI

f

General Description: 1. Three samples of the Mk 47 Mod 0, silver oxide - zinc alkaline secondary type.
2. Two samples of the Mk 39 Mod 0 silver oxide - zinc alkaline secondary type In the dry charged condition,
3. Two preproduction samples of Battery Mk 39 Mod O.
4. Two preproduction samples of Battery Mk 42 Mod 0 of the silver oxide - zinc alkaline secondary type,
5. Two production samples of Torpedo Propulsion Battery Mk 41 Mod 1.

Approximate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(lb) Environment Tested Specification Designation

Mk 47 210 155 g 21-ln. air gun 3 MlL-B-16955 ASTIA-AD Failed Top ('over stoal
101822 failed

Mk 39 29.4 50 g for 0.05- 21-in. air gun Z Ml L- B-16955 ASTIA-AD Passed - I
sec duration 99715

\

Mk 39 pre- 30.75 50 g for 0.05- 21-1n. air gun 2 MIL-B-16955 ASTIA-AD Passed - Iproduction sec duration 96344 i

MIt 42 64.0 100 g, 200 g lor Torpedo cylin- 2 MIL-B-173484 ASTIA-AD Passed -
O.04-sec du- der 108996
ration

Mk 41 18.5 50 g for 0.05 Bush- clevite 2 MIL-B-17348A ASTIA-AD Passed -
ModI sec. Duration torpedo bat- 151664

not mentioned tery mount
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TABLE A-l-lB. JARS (BATTERY)

General Dl'scription- 1. Two Idmin:.lted h:.lrd rubber jars with type ORX-47 elements.
2. Four laminated hard rubber jars with concave exterior bottom and with type VSK-45 Exide type elements.
3. T .....o permali (laminated plywood) jars With Exide type 5350-1 elements.

~'--"-'~'-j; IApproximate T .
Tvpe Wei~ht . est Test Mac-hine Number Test Report Result Type of Fad.; re

(Ill) EnVironment Tested 5pecihcation Desil{nation

Laminated 92 1-,2-,3-,4-, Navy MWH1 2 EE5-5817 EE5-58066832 Passed ! -
hard rull- and 5-rt drops shock machine X0609 Iber I

Concave 90 1-,2-,3-,4-, Navy MWHI 4 EE5-5817 EES-5C066832 Passed
i

i
-

bottom <lIld 5oft drops shock machine X0609

Perm<tli 79 1-,2-,3-,4-, Navy MWm 2 EES-5817 EES-50066832 Failed j Sustained sli~ht

jars and 5-rt drops shock machine X0609 I cracks
.

TABLE A-l-19. BRUSH HOLDERS

General Description: The dc brush holder is of the reaction die cast holder type. The material is aluminum bronze.

Approximate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(Ib) Environment Tested Specification Designation

Dc brush 2 5 to 2000 ft-Ib Navy LWHI 1 17G7 ASTIA-AD Passed -
holder shocks shock machine 59694

i
t
f
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TABLE A-1-20, BUS TRANSFER UNIT

...
~
UI

~

t
General Description: 1. Type ABT-A2 unit designed for automatic or manual operation (A 100/150-amp, 440-volt ac, 3-phase, 60 cycle).

2. Type ABT-A3 unit rated at ISO-amp, 440-voll, 3-phase, 60-cycle, designed lor automatic or manual operation.

Approximate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(Ib) Environment Tested Spec lllc atlon Designation

ABT-A2 100a 1-, 3-, and 5-1t Navy LWHI 1 MIL-S-901B ASTIA-AD- Passed -
unit drops shoCk machine 4A mounting 205142

ABT-A3 150a 1-, 3-, and 5-lt Navy LWHI 1 MIL-S-901B ASTIA-AD- Passed -
drops shock machine 4A mounting 161434

&Estimated.

TABLE A-1-21. CIRCUIT BREAKERS

General Description: 1. Navy Type AQB, 3-pote, 400-amp Irame, 500-volt ac, 250-voll dc units.
2. A type AQB-A250 breaker with a 160-amp trip una.
3. A 1600-amp Irame size with a 2-pole, 250-volt de breaker.
4. A 2000-amp frame size type ACB.
5. Type ALB-1 circuit breakers-single pole, 50-amp frame size, 125-volt ac-dc units.

Approximate
Test Number Test Report

Type Weight Test Machine Result Type of Failure
(lb) Environment Tested Speclflcallon Deslgnallon

400 amp 49.5 1-, 3-, and 5-lt Navy LWHI 1 MIL-S-90l ASTIA-AD- Failed The breaker
drops shock machine Special 20'7199 5 ft, rear tripped

mounting

160 amp 25 a 1-, 3-, and 5-1t Navy LWHI 1 MIL-S-BOI ASTIA-AD- FaLled
drops shock machine 141256 5 ft, vert. Handle moved

from closed
posttlon to
open posa ion

1600 amp 323 1-, 3-, and 5-ft Havy LWHI 1 17Bl(INT) AST1A-AD- Passed -
drops shock machine 435114 Fig. 8

mounting

2000 amp 400a 0.75-, 1.75-, Navy LWHI 1 MIL-S-901 ASTIA-AD- Failed the breaker
and 1.75-ft shock machine 206127 5 ft, rear tripped
drops

50 amp 0.5 1-, 3-, and 5-ft Navy LWHI 1 MlL-S-901 ASTIA-AD- Passed -
drops shock machine 4A mounting 67250

aEstimated.



TABLE A-l-22. CONTACTOR

Go.ral De.erQlUClll: 1. TJpe IFN-II30 eootaetor UII1t, 3-poll, lloo-_pe.., «O-volt ae. 3-phue. 1I0-eyel•••1•• II eootaelor.
2. Two IImperalurl-aetuatld uolll aI tile lot..ral bulb type provtdlld with 3/4 10. mal. pipe Iltllne' lor lo••rllon

IJato pipe 1Itt11l1' III ..."Iee.

Appr.-lllllll TI. Number T••I ReportTJpe W.tpt T••t YKhlne Result Type 01 Failure
(Ib) ElIYlronmeot Te8tld SpeeUleetlon Deailnallon

IFN-130 105 1-, 3-. and 5-ft NaY)' LWHl 1 MIL-S-eOl ASTJA-AD. Pa.lld -
dropa eItoek IIIIChlne 4A mountlllI Unl4

Bulb type 100· 1-, J., and 5-ft NaY)' LWHl I MIL-S-eol ASTIA-AD- Failed b-- .hoek machine 4A mOllntq 20710 '-ft, r ....

·EIUmat,d.
bB.ndlDt: 01 tb, ••D.ltl., ,llml"t of the bulb type temperature ••itch.

TABLE A-l-23. CONTROLLER

General D••erlptlon: I. Two-.peed motor eontroU.r at 25~bp, 50-amp. 440-vMt. 3-pba.e. 1I0-cycle act 3-pole. double-throw contactor,
one relay. 2 overload relay. ,tart and atop buttons, speed aelec::tor, and control switch.

2. M....etle••Ize 1. acro•• the Un••tart.r d••lgnlld lor 2- or 3-wlr. control.
3. Manually-operailld, acroa. the lin. motor .tert.r ratlld at 7-1/2 bp. 440-volt. 3-ph.... eO-cyci. ac.

ApprOXlmate
Teet Number Teet ReportType Weilht T••t Machin. R••ult Type 01 FaUur.

fib) Environment T••t.d Specification De.lgnallon

25 hp eo 1-.3-, and 5-11 Navy LWHI 1 MlL-S-eOl ASTIA-AD- Pa..ed -
drope .hock machln. 4A mountllll 45071

7-1/2 hp 29 1-, 3-, and S-ll Navy LWHI I MlL-S-eol ASTIA-AD- Pa••lId -
drop. shock machine 4A mountlne 117242

Manually 12 1-.3-. and 5-1I Navy LWHI I MIL-S-BOI ASTIA-AD- Passed -
operatlld drop. .hock machine 4A mountllll 561 liB

TABLE A-l-24. DIESEL GENERATORS

•I..•

Gen.ral oe.crtpllon: I. Two-cycle. e-cytlnder, dle.elenglne and a direct driven eO-kw generator.
2. Four-Itroke. I cyllnd.r. dle.el ellltne and a 2.5-kw, liS-volt aCt 60-cycle generator.
3. An air cooled cut aluminum diesel engine directly connected to a 5·kw, 28·volt de generator.

Approximate
·T••t Number Te.t ReportType Weilht Te.t Machine Result Type of Failure

(lb) Environment Te.ted Spec IlIcation De.llnallon

eo kw 3777 1· and 3-lt Navy MWHI I MIL-S-BOI ASTIA-AD- Failed .
drOPI shock machine 204925 3 It. top

2.S kw 434 1- and 3-1t Navy MWHI I MIL-S-BOI ASTIA-AD- Failed b
drop. ahock machine 201051 311. top

5 kw 683 1- and S-Il Navy MWHI I MIL-S-BOI ATI-.204807 Failed Crack in fly-
drop. shock machine 3 It, top wheel housing I

·en.eked flywheel hou.inl and aev~J'e etructural damage to the front lIupport of the engine.
bExtreme damal~ to the mountin, pad and front support.

...
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= TABLE A-1-25. ENCAPSULATED FITTINGS

Gt>nt>r.u Desr ripllOn: 1. RG HAl U encapsulated pressure barrier designated {or Hahhut (SSGN 587).
2. Type 14 AU encapsulated potted !ittings [or the Halibut (SSGN 587).

Type
!Approximate Test Test Machine Number Test Report Result Type o{ FailureI Weight

Environment Tested Spec ihc ahon Designation
I (lb)

! HG 14A C 6 1-, 3-, and 5-[t Navy LWHI 1 MIL-S-90IB Mare Island Passed -
drops shock machine 4A mountinl( NavShipYd

5931-59

HAC 31 1-,3-, and 5-ft Navy LWHI 2 MIL-S-90IB Mare Island Passed -
drops shock machine 4C mounting NavShipYd

4307-59

TABLE A-1-26. FUSE BOX

General Description: A tank indicator fuse box (SSGN 587).

Approximate
E Test ! Test Machine Number Test ReportType Weight Result Type of Failure

(lb) nVlronment Tested Spec ification Designation

Tank indi- 30 1-,3-, and 5-ft Navy LWHI 1 MIL-S-901B Mare Island Passed -
cator drops shock maehlne 4A mounting NavShipYd

2715-59

TABLE A-I-27. GEAR HOTOR

General Description: Gear motor {or helicopter lift.

Approximate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(lb) Environment Tested Spec iHc ation Designation

Gear motor 232 motor 1-, 3-, and 5-ft Navy LWHI 1 MIL-S-90lB Mare. Island Passed -
100 founda- drops shock machine 4A mounting NavShlpYd

tion 0418-60

...
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TABLE A-1-28. MOTORS

General Description: several reports were reviewed and then grouped into one of two power c:laases.

o to 2S-hp Class

1. 6-bp, 245-volt dc, Navy A-type motor.
2. 15!lO-hp, 440-volt ac motor.
3. 15-hp, 230-volt dc, Navy A service type motor.
4. 17.5-hp, 440-volt ac, air conditioning compressor motor.
5. 25-hp SOO-volt dc, hydraulic power plant on SS563 submarine motor.

-25 to 50-hp Clus

1. 30-hp, 250-volt dc, high pressure air compressor.
2. 30-hp, 3S5!250-volt dc, high pressure air compressor motor.

SSKl, SSK2, SSK3 motors.
3. 55-hp, 500-volt de mOtor for a trim pump on 55563 submarines.

Approx imate
Test Number Test ReportType Weight Test Machine Result Typeof Failure

(lb) Environment Tested Specification Designation

oto 25 bp 302-625 0.75-, 1.75-, Navy MWHI 5 -N.D. 66S3 EES..5B70001 1 fallure b
and 1.75-ft shock AD200998
drops machlnea EES-5A(2)

51832
AD201042
EES-5UXI609

26 to 55 hp 1169-1727 1-,2-, and 2-ft Navy MWHI 3 N.D. 66S3 AD205025 Passed -
drops sbock AD201028

machin~ EES"':5AAI
X1609

aAlI ITlotor types tested on Navy MWHI shock machinee.
bThe 15-hp motor failed on a 0.75.foot back blow. The brush rigging support. broke 100•• from the in.u1atins rins on the hou.ins of the

motor.

...
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General ne.crlptlon: 1. 80-kw, 240/120-yolt de, turbine driven ........ator.
2. 250-1ew ae, 3-phue, eo-eycle Ihlp'. lervlee .Inerator with 5.5-1ew exelter.

t
TABLE A-1-29. GENERATORS

;

~
ApprOlllmale

Telt Number Telt ReportType Weicht TeltMae_ Reeult Type or FllIlure
(lb) Environment Te.ted Speclfleallon DlllpaI1011

eo kw 2100 1.25-, 2.25-. Navy MWIII 1 N.D.8lIS3 EEI-C-2528-2 Pueed -and 2.25-11 .bock maehlDl
blowl

ISO kw 3905 1.75-,1.75-, Navy MWIII 1 N.D.8lIS3 EEI-C-1583 Fa1led End brllCkIt
and 2.75-lt .hoek maebine fnetured
blowl

TABLE A-1-30. K>TOR GENERATORS

General Delerlptlon: 1. 1••-tw, 58-volt de: cellIralor and 3-bP, 44o-volt ae motor for battery cbarlllll In Ihlpe "rYlee dill telepbone
equipment.

2. 2.8-kw. 58-volt de IIll1rator and 5-bP. 440-voltllC motor alIo lor .hlpe "rvlee dill telepbone equipment.
3. 25-kva, 12o-volllllllrator and 30-bp. 220-volt Iattery.

Approximate
Telt Number T,"t Report

. Type Weicht Telt Maehlne Relutl Type of Fallur.
(Ib) Environment Telted 8pec:UleatlOll Dlillftltion

1.4 kw 315 0.75-, 1.75-, Navy MWIII 1 N.D. 1Ie83 EES-5QXleot Puled -
and 1.75-lt lhoek mllCbine
blowl

2.8 kw 501 0.75-. 1.75-, Navy MWIII 1 N.D. 8lIS3 EES·5JCClll03 Pueed -
and U5-1t IboekmllCblne
blow.

25 kYa 1320 1-,2-. and 2-11 Navy MWIII 1 MIL-I-901 EEI-5Aa- Puled -
blowl lhoek mllChlne 1801

AD201040

TABLE A-1-31. PANELS
General De.crlpllo.. 1. Air ."",pler alarm .y.tem relay plMl.

2. Type 8-52 alarm penel.
3. A1t remoto <ontrol panel lor mllln hydraulle pumps and arrum No•. I and 2. ----

Approximate
Telt Number To.1 RrportType wollbl Telt M...,hlno Rr.ult Ty...· ..1 Fal

(lb) Envlronmont TOlted SPeclllc.lIon Drsl~natlon

.. .--
8-52 air 10 1-. 3-, and 5-11 Navy LWHI 1 MIL-S·901H Mar. leland

Pa__reI
-

lampler, blowl lhoek machine 4A mounlll1ll NuvShlpYd
alarm 2751·59
lampler

-- - ---

Type 8-52 11 1-,3-, and 5-11 Navy LWIII 1 MIL-S-901D ASTlA·AD· Patuuod -
alarm blowl .hock machine 4A mountll1ll 208035 --

Control 120 1-, 3-, and 5-11 Navy LWHI 1 MIL-S-901D Marr bland PaKK4'd -
blowl .hock machine 4A mountll1ll NuvShipYd

2750-59

lun'



TABLE A-1-32. PLUGS AND RECEPTACLES

General Description: I. Three-conlact plugs with 3-contact receplacles with Irlpl~ .ond.rtor .able and ral~d al IS amp•.
2. Three IO-amp plugs and Ihree IO-amp receptades. Rfocepla<les ar~ In wat.r tI~ht drawn bra"" rnd.......
3. Two 40-amp piuRS and receptades In waler light drawn brass en<losurrs.

ApprOKimate Tesl Number Test Report Rroult ITYPf.('f r:::,.Typo Weight Tool Machine
(Ib) Environment Tested Specification Desl~nalion

.,...... ,=..~~ ._.~

IS amp z· 1-,3-, and S-rt Navy LWHI I MIL-S-tOIB ASTIA-AD- P.....d -
dropa shock machine 4A mounllng 8653t

10 amp 2.25 1-.3-, and '-fl Navy LWHI 3 . MIL-S-tOID ASTIA-AD- Pa15l1f"d -
drops shock marhlne 4A mounting 86534

.._-
40 amp 3.8 I- and 3-rt Navy LWHI 2 MIL-S-tOIB ASTIA-AD- Fall.d "drops ShOCk ma.hlne 4A mounllng 86534 3 rt, !lack

aE!Uimatf'd.
brt... plua: becam~ _w~dl.. d .I.inat the 1"l"ceptacl" in ,,"uch a way that rlPmoval wa. vlPry dUH('ult.

TABLE A-1-33. RECTIFIER
General DescriptiOn: Type A .elenium rectifier panel 101' battery c......JInI. de.lped lor 50'C IUIIblent temperature and rated al440-volt,
3-phaae, SD-cycle Inpul With 2- 10 S-amp dc outpul.

Approalmale
Test Number Test RsPOJ'tTypo Weight Te.t Maehlne Re.ult Type 01 Fallure

(Ib) EnvLronment Tested Speclllcalion oes\plallon

Selenium 180 1-, 3-, and S-It Navy LWHI I MlL-R-15736 ASTJA·AD- Pueed -
recUner drops .hock machine (bu1kbead 37551

mounted)

TABLE A-1-34. RELAYS

•t:

Geoeral Deacrlpllon: Many reports on relays were revtewed. The followt,. Is only a brief description:
I. The type lAC time overcurrent relay consl.ts ct an Induction disk operallftJ mechanism, a .el ct .I,.le-pole con

tacts. and a ....1 IIghl sheet ....1 enclosure. It Is uaed to Irlp a circuit breaker when over-current conditions
occur.

2. The auxiliary relays conalsled ct a solenoid operall,. m"lnet and plu,.er which I. croes-connected to lhe con
lacl ...embUes.

3. Five bullettn 130 """Ulery control relay•• from 150- to 440-volt ac coli vol\"lS.

Approximate
Tesl Number Te.t ReportType Wellht Test MlCbIne Result Type 01 Fallure

(lb) EnVironment Tested Speclfica1ton oellplatloa

fAC 11.5 1-, 3•• and 5-ft Navy LWHI I MlL-S-tOl ASTJA·AD· Pused -
drape shockmechlne SO mounll,. 111803

AWlllIary 4· 1-. 3-, and 5-1t Navy LWHI 8 MlL-S·tOl AITIA·AD- 2falled Normally
drops • hock IIISCbIne 8E mountlnc 1317.. /b8ck and lop, closed con·

3 and 5 It) tacts opened

Control 1.3 to 1-. 3-. and 5-ft Navy LWID 5 88S3 Materlsl Lab ral1ed b
4.3 drops eback IIISCbIne 6E mOWltIOJ NY NaYSlllpYd (all blows)

5225-1

&E,Umated.
bUalfullction 01 the electrical contact_•

;
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TABLE A-1-35. RESISTORS

General Descr1ption: 1. Fixed, accurate, wire wound res1stors from 10 to 3750 kHohms.
2. Var1able subminiature res1stors from 100 to 5,000,000 ohms.

Approximate Test Number Test Report
Type Weight Test Machine Result Type of Failure

(lb) Environment Tested SpecificaUon Deslgnation

Wire wound 3a 30 impacts at Navy LWHI 1152 Battelle Me- Signal Corps Passed -
.50 g with shock machine morial InsU- Project
0.012 sec tute 2006-A
duration

Miniature 2a 30 impacts at Navy LWHI 40 Battelle Me- Signal Corps Passed -
50 g with shock machine morial InsU- Project
0.012 sec tute 2oo6-A
duration

aE.tirnated.

TABLE A-1-36. SWITCHBOARDS

General Description: 1. The magazine-sprinkling-alarm switchboard Is a monitoring unit that visually and audibly indicates conditions in
remote compartments as reported by sensing elements.

2. The magazine sprinkling alarm switchboard is designed to automatically monitor the operation of the firefighting
sprinkling system installed In the ship's magazines (10 lines).

Approximate
Test Test MaChine Number Test Report

Type Weight Result Type of Failure
(Ib) Environment Tested Specification Designation

Alarm looa 1-, 3-, and 5-ft Navy MWHI I MIL-A-17196A ASTIA-AD- Passed -
magazine drops shock machine 77815
sprinkling

10-line 109 1-, 3-, and 5-ft Navy MWHI 2 MIL-S-901 ASTIA-AD- Failed Fal~ alarms
alarm drops shock machine 4A mounungb 23734

aE.tirnated.
bA • detected in photo,raph.

~
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TABLE A-1-37. LIMIT SWITOIES

General Description: 1. Micro limit switch type ML-X14928 for the Guided Missile Launching System Mk 9.
2. The 01450 trackway limit SWitch is rated to carry 20 amps at 440 volts ac or 230 volts de.
3. Limit Switches Type A Mk 6

Approximate Test Number Test ReportType wei~ht Test Machine Result Type of Failure
(lb Environment Tested Specmcation Designation

Micro 20 a 1- 3- and 5-ft Na\iy LWm S MIL-S-9018 ASTIA-AD- Passed -switch biow~ shock machine 6E mounting 48787
Trackway 22 1-, 3-, and 5-ft Navy LWm 3 MIL-S-901 ASTIA-AD- Passed -blows shock machine 4A mounting 145797

Mk 6 20a 1-, 3-, and 5-ft Navy LWm 6 MIL-S-90lB ASTIA-AD- Failed Fluttering and
blows shock machine 6E mounting 129696 open~ of the

norma y-
closed circuit

aEstimatpd.

TABLE A-1-38. ROTARY SWITCHES

General Description: 1. Six miniature rotary switches. Three contained bushings and shaft seals and the other three were equipped with
boots to prOVide water tightness.

2. Three Type 2JL5 and three Type 2JLlO rotary selector switches.
3. Three each of the following: S-2JF11 S2JF3, and S2JFS rotary switches.
4. One each of rotary switches, Type S:.!JR1o. and S2JR25

Approximate
Test Number Test ReportType wei~ht Test Machine Result Typeof Failure

(lb Environment Tested SpeciCicaUQn' Designation

Miniature 5 1-, 3-, and 5-ft Navy LWHI 6 MIL-S-90lB ASTIA-AD- Failed a
blows shock machine 4A mounting 214226

Selector
2J5L5 0.5 1-,3-, and 5-ft Navy LWm 6 MIL-S-901B ASTIA-AD- 3 Type-2JSL5 Shaft ejected
and blows shock machine 60 mounting 207729 failed (5 ft, completely
2JL10 1.125 back) from the

3 Type-2JLI0 switch
passed

S2JFI 3.3 b 1-, 3-,-and 5-ft Navy LWHI 9 MIL-S-901B ASTIA-AD- Falled (5 ft, Distortion of
S2JF3 3.7Sb blows shock machine 60 mounting 207741 back) components
S2JF5 4.25b

S2JR10 2.3 1-, 3-, and 5-ft Navy LWm 2 MIL-S-901B ASTIA-AD- Passed -
S2JR25 4.6 blows shoc~ machine 7C mounting 207728

~

~
UI.......
~
I

W•-IIlIl
i'
~

~

aThe shaft was ejected from the sample with the bushing and shaft seal. bWeight in ounces.

~
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TABLE A-1-39. ROTARY SNAP SWITCHES
General Description: 1. Seven 50-amp, 450-volt at, 250-volt dc, Type 6SR3Al base-mounted, rotary snap switches.

2. Seven 60-amp, "50-volt ac, 2'50-volt dc, Type 6SR3Al panel-mounted. rotary snap switches.
3. Seven IO-amp, 120-volt ac, rotary snap switch Type lSR3Al, TPST.
4. Seven 3D-amp, SOO-volt ac, 250-volt dc, Type 3SR3B4 base-mounted, rotary snap sWitches.
5. Seven IO-amp. 120-volt ac. Type lSR3Bl, TPDT, front-mounted for panels with handles.
6. Three each of Types 2OSR3Bl and 20SR6Fl, 200-amp. rotary snap switches that are panel mounted.
7. One Type '91740-AS switch and one Type 91741-A5 switch. Both are miniature rolary switches for interior

communication equipment.
8. Models CA-54. CA-55 and CA·58 rotary solenoid switches ror high altitude use.
9. Ten rotary switches of non-magnetic construction were reviewed.

10. Two Type A-384.5WA rotary selector switches without a shaft "0" ring groove.
11. Four 8-position, 25-seeUon, mulUpole rotary switches.

Approximate Test Number Test ReportType Weight Test Machine Result Type or Failure
(lb) Environment Tested Specification Designation

6SR3AI 7.6 1- , 3-, and 5-ft Navy LWm 7 MIL-S-90IB ASTIA·AD- Passed -
(base blows shock machine 4A mounting 129390
mounled)

6SR3AI 5.9 1-, 3-, and 5-lt Navy LWm 7 MIL-S-90IB ASTIA-AD- Passed -
(panel blows shock machine 4A mounting 129389
mounted)

ISR3AI 0.75 1-, 3-, and 5-ft Navy LWHI 7 MIL-S-90IB ASTIA-AD- Passed -
blows shock machine 4A mounting 129388

ISR3BI 0.5

3SR3B4 2.1 1-, 3-, and 5-lt Navy LWHl 7 MIL-S-90IS ASTIA-AD- Passed -
blows shock machine 4A mounting 129386

ISR3BI - 1-,3-. and 5-ft Navy LWHI 7 MIL-S-90IS ASTIA-AD- Passed -
blows shock machine 4A mounting 206102

2OSR3BI I" I·, 3- 1 and 5-ft Nilvy LWHl 2· MIL-S-901 ETL-1367 Pa.ssed -
·blows shOCk machine 4C mounting Elechical

Testin~ Lab
Portsmouth,
N.H.

2OSR6FI I

ApprOXimate Test Number Tellt ReportType Weight Test Machine Result Type of Failure
(Ib) Envlronment Tested SpecUlciltlon oe81gniitlon

91740-A5 1.5 1-,3-, and 5-ft Navy LWm 2 MIL-S-90IS ASTIA-AD- Failed Porcelain
blows shock machine 4A mounting 214227 spacer frac-

tured
9174I-A5

CA-54 2 20 g Navy LWm 3 JAN-S-U ASTIA-AD- Passed -
shock machine 19174

CA-55 2
CA-56 5

Non-
magnetic 7" 1-, 3-, and 5-lt Navy LWm 10 MIL-S-90IS ASTIA-AD- Failed Mounting plate

blows shock macbine 60 mounting 209987 budded

A-38415WA 7" 1-, 3-, and 5-ft Navy LWHI 2 MIL-S-90IB ATI-195747 Passed -
blows shock machine 6D mountlng

Multipole 7" 1-, 3-, and 5-Ct Navy LWHI 4 MIL-S-90IB ATI-210276 Passed -
blows aOOck machlne 6D mounU",

iilEstimated.

A-27tA-21 (Blank)
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TABLE A-1-40. TOGGLE SWITCHES

General Description: 1. .Eighteen miniature toggle switches, Type T2104, are miniaturized two-circuit switches designed for use in ap
plications where panel space is at a premium.

2. Environmental-prool m~ltipole, multiposition, toggle switch.
3. Twenty different types or toggle switches.

Approximate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(lb) Environment Tested Spec ification Designation

T2104 0.5a 75 g Navy LWHI 18 JAN-S-23 ASTIA-AD- Passed -
shock machine 111723

Environ- 0.24 50 g for 0.5 to Navy LWHI 1 AER-EL-62 ATI-96739 Failed Momentary
mental 9.7 sec du- shock machine XEL-126 opening of
toggle ration AN-5-200 contacts
switch

Toggle 0.5 ea- 1-, 3-, and 5-lt Navy LWHI 20 MIL-S-9018 ASTIA-AD- Failed -
SWitches blows shock machine 60 mounting 214225

aEstimated.

;.,.
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TABLE A-1-41. MISCELLANEOUS SWITCHES

..
~
UI•t

General Description: 1. Five temperature-operated master switches and six pressure-operated automatic master switches.
2. One stepping switch, 20-volt ac, Type 58-2. .
3. Etghtlwitches each of Types 08-4 (is-amp at 125/250-volt ac), 53-204, 51-4 (10 amp at 125j250-volt ac), E3-4

(2.5 amp and S amp at 12S/250-volt ac, and 7 Type 52-104 switches (10 amp at 125/2S0-volt ac).
4. Forty hinge roller leaf type sensitive switches 5507AI0, 5507 A20, 5507840, and 5507B7Q.
5. Two sample pressure proof 1- to 7-Mc switches.

Approltima1e
Test Number Test ReportType Weight Test Machine Result Type of Failure

(lb) Environment Tested Spec1f1cation Designation

Tempera- 2.2 1-, 3-, and S-ft Navy LWHI 11 M1L-S-901 AS1IA- AD- Passed -
ture and blows shock machine 6E mounting 3 05
pressure
operated
switches

Stepping Sa 1-,3-, and 5-ft Navy LWHI 1 MIL-S-90lB ASTIA-AD- Failed Cam forced out
switch blows shock machine 6E mounting 59337 of position

53-204 la 1-, 3-, and 5-ft Navy LWHI 8 MIL-S-901B ASTIA-AD- Failed b
each blows shock machine 6E mounting 48789

52-104 7

. Roller leaf 3 1-, 3-, and 5-ft Navy LWHI 32 MIL-S-901A ASTIA-AD-. Passed -
each blows shock machine 6E mounting 41605

Pressure- 9.8 1-, 3-, and 5-ft Navy LWHI 2 MIL-S-901B ASTIA-AD- Failed Diaphragm
proof blows shock machine 4A mounting 145281 revealed

leakage

aEstimated.
bTransCe r contacts of each switch made contact with the normally-open contact of itl relpective Iwitch.
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TABLE A-1-42. TEMPERATURE ELEMENTS

General Description: The elements were the disk, bead, or rod shape type.

Approximate
Test Number Test ReportType Weight Test Machine Result Type or Failure

(lb) Environment Tested Spec ification Designation

Elements 4a 30 impacts at Navy LWHI 102 PR and C No. Signal Corps Passed -
50 g for 8 to .shock machine 59-FLS!D- Project
12 ms dura- 3431 2006-A
tion

aEstimated.

TABLE A-1-43. VOLTAGE SENSITIVE ELEMENTS

General Description: Eighty specimens were tested. The specimens differed rrom one another in material (plastic, glass, or metal),
shape (tubular or disk), and mounting (by soldering, clamping, or bolting).

Approximate
Test Number Test ReportType Weight Test Machine Result Type of Failure

(Ib) Environment Tested Specification Designation

Elements Below la 30 impacts at Navy LWHI 80 Battelle Me- Signal Corps Passed -
50 g; each im- shock machine morial Insti- Project No.
pact applied tute 2006-A
for 8 to 12 ms

aEstimated.
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A-2. Tran.lent Shock Te.t. of Commer·
clal Communication Equipment.

A-2-1.
a. Representative operating communications sys

tem for testing. The communications subsystem major
components were shock- and vibration-tested rack by
rack during simulated operation. The equipment con
sidered for test must survive a nuclear engagement.
The equipment constituted standard GTE Lenkurt,
Western Electric, and Government furnished assem
blies and supplies comprising a fully equipped ter
minal. The subsystem included the following nine test
articles:

(1) Lenkurt 46A Multiplex Equipment consisting
of 1 channel bank, 3 groups and 2 supergroups (2 and
3) and associated supplies. Two 111/2 ft standard racks
(tested separately).

(2) Lenkurt 46C End Terminal Equipment con
sisting of two (redundant) fixed-gain transmitting and
two (redundant) regulation controlled receiving line
amplifiers; one 11% ft standard rack.

(3) One Lenkurt 46C Dependent Repeater consist
ing of one transmitting and receiving line amplifier,
two cable termination stubs, and a shock isolation sys
tem. The redundant cabinet was weighted to simulate
mass of operating components.

(4) Western Electric Equipment consisting of one
203A Data Set, one 303BILWM-4 Data SetJWideband
Modem, and one 303CILWM-6 Data SetJWideband
Modem; one 11% ft rack bulb type and retest of same
equipment installed in a channel rack.

(5) Western Electric 111A Power Plant Equip
ment with distribution facilities and supplies; three 7
ft racks tested together as a unit.

(6) Cryptographic Equipment consisting of 3
KG-34 units; government furnished-one 7-ft rack,
CY 597-G equipment cabinet.

(7) Western Electric Inverter, one 7-ft standard
rack.

(8) Western Electric 2-tier Battery Stand e/w 24
batteries, one unit.

b. The Lenkurt 46A multiplex, 46C end terminal,
46C repeater and Western Electric 111A power plant
equipment constitute a transistorized, fully alarmed
transmission system with sufficient options to permit
total redundancy of main active components.

A-2-2. Protective facility criteria en·
vlronment. The overall transient shock environ
ment imposed on the protective facility by airblast and
ground shock is given in figure A-2-1 for shock spec
tra and figure A-2-2 for acceleration time-history
waveforms. The waveforms were synthesized to match
the shock spectra in accordance with Yang (1971).

TM5-1S1-4

A-2-3. Shock IlOlatlon systems. Telephone
equipment was mounted upon shock isolated plat
forms. These shock isolated platforms ranged in size
from 111/2 ft by 14 ft to 27 ft by 39% ft. Isolators in all
cases were pendulum mounted for horizontal motion
and pneumatic for vertical motion. Number of isola
tors ranged from 4 to 8 for each platform. Isolated
platform rigid body design frequencies were 0.2 Hz
horizontal and 0.75 Hz vertical.

A-2-4. Transient shock environments.
The equipment transient shock environments of facil
ity motions (fig. A-2-1) transmitted through the
shock isolation/platform systems to equipment loca
tions were determined by finite element modeling of
the shock isolation systems. Response motions calcu
lated used the facility acceleration time histories given
in figure A-2-2 as input functions. A typical model of
a platform, supporting superstructure, equipment,
and isolators is shown in figure A-2-3.

A-2-5. Environment on shock IlOlated
platforms. The shock spectra for the equipment
test environment are shown in figures A-2-4 and
A-2-5. The levels shown in the figures are representa
tive for the various platforms evaluated as well as the
location of equipment on the platforms. In general, the
levels selected are conservative. The 100 percent level
or reference level is the best estimate of the environ
ment (including uncertainties) at the attachment
points of the equipment. The 200 percent level repre
sents the worse case estimate but more importantly
serves to provide hardness information of equipment.
The 50 percent level may be regarded as the optimistic
estimate of the environment. Advantageously, for this
program, the control system for the test machine re
quired a series of successive iterations due to nonlin
earities in the test machine/system. This controllimi
tation led in part to the typical test-level sequence for
each axis in table A-2-1. Three tests at the 100 per
cent level were specified for test article qualifications.

A-2-6. Time histories. Acceleration time-his
tory waveforms were generated for the vibration test
machine by damped sine waves but were consistent in
effect to Yang (1971) Typical data obtained dQring
tests at the 100 percent level are shown in figure
A-2-6.

A-2-7. ResulU. Summaries of test results for
each equipment tested are given in tables A-2-2 and
A-2-3. It is to be noted that the 46C dependent termi
nal is directly mounted on two coil spring isolators
(with friction dampers) in a manhole enclosure. The
following tables and data plots are all taken from the
first reference under paragraph A-2-8 below.

A-33
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TABLE A-2-1. ITERATIVE TEST LEVEL SEQUENCE FOR EACH AXIS

Test
Iteration Level, Number of

Number % Tests

1 2S 1

2-4 50 3

5 7S 1

6-8 100 3

9 150 1

10 200 1



TABLE A-2-2. QUALIFICATION (100 PERCENT) LEVEL TEST SUMMARY
(see figs. 4-10a and 4-10b) (Safford-Tuttle, 1974)

••-

Failure/Malfunction/Degradation Test
Level

Operat iona I IntensIty, Correct Ive
Equ i pment Effect Hod.e Mechanism Cause Percent Action Resul ts

Degradat ion Fuse holder Low spring Des Ign 100 Fuse panel Hardened to
(reduced capacity) fell off tension on restrained 100%+

connectors

IliA Power Equipment Vol tmeter Panel restraints Hardened to
panel fell Design 100 or latches 100%+
off Low

None fr Ict Ion
Doors swing res tra i nt Design 50 Door latches Hardened to
open 100%+

Inverter None None -- -- lOa -- Passed qualification
level 100%

Bat te ry Rack None None -- -- lOa -- Passed qualification
leve 1 100%

Crypto None None -- -- lOa -- Passed qualification
level 100%

203/303 Passed qualification
Data Equ Ipmen t None None -- -- lOa -- level 100%

46A Deg rada t ion 4 kHz Low spring Design 50 Module restraint Hardened to
Multiplex Unit No. I (reduced capacity) Generator tension on brackets 100%+

module connector
disengaged

46A Degradation Intermittent Loose wire Qual I ty 100 Discovered and See fragl1l ty
Multiplex Unit "0. 2 (high error shorts control correc ted at test

counts in 200% test
data st ream)

46C Mal funct ion LI ne Input Low spring Quality 50 Split end Hardened to
Terminal Equipment (error counts and un It, loose tens ion and control connectors 100%+

interruptions. jumper assy friction. or spring force
1 kHz tone) connector des Ign increased

jumper assy

46C Degradat Ion One friction Isolator Quality 100 Reassembled Passed
Dependent Terminal (minor effect on damper damper control damper qualification

i sol ator) fall ed to guide pin level 100%
operate fell out j

!
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TABLE A-2-3. FRAGILITY (200 PERCENT) LEVEL TEST SUMMARY (Safford-Tuttle, 1974)

(two times magnitude level of figs. 4-10a and 4-10b)

...
~

'"J.

t
Fai lure/Malfunction/Degradation

EQu i pment

III A' Powe r EQu i pment

Inverter

Ba t te ry Rack

Crypto

203/303 Data
Equ i pmen t

46A Mu I tip 1ex
Unit No. I

Operat lonal
Effect

Degradation
(reduced capacity)

None

Fai lure

None

None

Failure (Data
Signa I s Los t)

Fa II ure (Data
Signals Lost)

Degradat Ion
(51 ight Signal
Interruption)

Mode

Fuse Holder
Disengaged

1/4" Bolt
Sheared

Short
Circuit

None

None

Powe r Supp I y
Fell Out of
Rack

Plug-in
Modules
Di sconnec ted

Relay Contact
Chatter

Meehan ism

Low Spring
Tension and
Friction of
Connector

Cumu lat I ve
Fatigue

Loose
Bo 1t on
Capac i tor

Weak
Mounting
Bracke t

low Sprl ng
Tension on
Connector

Armature
Dynamics

Cause

Design

Test
Dependent

Qual ity
Cont ro I

Design

Design

Design

Test
Level

Intensity,
Percent

200

150

200

• 200 Vertical
• 150 X- and

V-Ax i s

X-Ax i s
200 and
V-Axl s
200

150

150

Correct ive
Act i on

Fuse Panel
Restrained

Bolt Replaced

Capaci tor
Rell'Ounted

Support
Bracket
Installed

Restraint Bars
Added

None

Resu I ts

Hardened to
200% +

Passed Fragi I Ity
Leve I 200%

Passed Fragil ity
Level 200%

• Passed Fragil ity
Level 200% Vertical

• Passed Level 150%
Horizontal Axes

200% Level

Hardened to
200% +

Hardened to
200% +

Passed Fragi lity
Level 200%

46A Mu 1t i p Iex
Unit No.2

46C Terminal
EQu i pmen t

46c Oependent
Repeater

Failure (Data
Signals Lost
and 1kHz Tone
Interruptions)

None

None

Fuse Operated.
Los t Powe r to
Capaci tor
Bank

Extraneous IQual ity
Loose Wire ,Cont ro 1
Electri cal
Short

20<.

200

Removed Loose
Wi re

See Qua 1if 1
cation Test

Passed Frag iIi ty
Level 200%

Passed Fragi lity
Leve 1 200%

• 150% X and Y Axis
• 200% Vertical Axis



A-3. Transient Shock Tests of Commer
cial Electric Power and Condi
tioning Equipment.

A-3-1. Transient tests performed on commercial
switchgear, voltage regulators, circuit breakers, trans
formers, and miscellaneous air and water conditioning
equipment employed either single axis or biaxial vibra
tion machines. On single-axis machines, each ortho
gonal axis of the equipment was tested sequentially.
On biaxial machines, a vertical axis and a horizontal
axis were tested simultaneously, followed by a second
test in the vertical and the other horizontal axis. Type
of test employed is noted for each equipment tested.

A-3-2. Duration of the transient tests ranged from
about 1 to 2 sec. Acceleration-time history input mo
tions were synthesized by either an assemblage of de
caying sinusoids (Brust, 1961), or by an assemblage of
sine beats (Yang-Saffell, 1972). Shock spectra associat
ed with each equipment are specified in the following
subappendixes together with test results and docu
ment references.

Controllers and Switchgear
Motor Control Center
Generator Control Panel
Electric Motor-Generator Control Center
Electric Motor Control Center
Air Compressor Control Panel and Drive Motor

Division
A-3A
A-3B
A-3C
A-3D
A-3E

Controllers and Switchgear

Motor Control Center
Electric Motor Control Center
Circuit Breaker
Circuit Breaker Assembly
Voltage Regulstor and Control Center

Subs tations
Unit Substation (Switcbfl'ransformer)
Unit Substation, Transformer
Transformer

Electrical Components
Diesel Engine Components
Motor Starter and Surge Pal<
Monitor and Control Components
Relay Panel

Gas Turbine
Gas TurbinelAC Generator

Conditioning Equipment
Chiller
Cooling Coils
Air Handling Unit
Heat Sensor
Air Filter

Piping
Piping Segments
Piping Segments

Miscellaneous Components
Monitor and Control Duct Mounted Equipment
Shutdown Switch
Pump, Motor, and Valve
Pressure Control Valve

TM5-151-4

Division

A-3F
A-3G
A-3H
A-31
A-3J

A-3K
A-3L
A-3M

A-3N
A-30
A-3P
A-3Q

A-3R

A-3S
A-3T
A-3D
A-3V
A-3W

A-3X
A-3Y

A-3Z
A-3AA
A-3BB
A-3CC

A-43
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A-3A. MOTOR CONTROL CENTER

FigureA-3A-l
Figure A-3A-2

1. Motor control center.
a. The specimen was a Westinghouse, Type W, Mo

tor Control Center. Unit's dimensions are approx
imately 35 in. wide, 15 in. deep, 90 in. high, and
weight is about 550 lb. It was provided with:

b. Four NEMA standard full voltage, nonreversing
circuit breaker-type combination motor starters (1 size
1, 1 size 2, 1 size 3, and 1 size 4).

c. One 12 circuit 120/208 volt lighting panel with a
100 ampere main circuit breaker.

2. Test.
a. Shock spectra.

Horizontal
Vertical

b. Single axis tests.

3. Resultl.
a. Vertical axis. Relay chatter, breaker opened.
b. Horizontal axis. Cabinet twisted, sheet metal

sites distorted, some bottom mounting bolts sheared
and back. panel bolts sheared.

4. Reference. and creellt••
The Ralph M. Parsons Co. (parsons). Nike-X Data Re
port: Shock Tests ofSix Selected Items ofEquipment,
NX-SE-165. Los Angeles, CA: Parsons, Feb 1969.
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4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environmental Testing ofGenerator Con
trol Panel, HNDSP-74-31O-ED-R. Huntsville,
AL: COE, Jun 1974.

Figure A-3B-l
Figure A-3B-2

2. Test.
a. Shock spectra.

Horizontal
Vertical

b. Single axis tests.

3. Results. Passed with following exception: At
the completion of final shock No. 17, the Agastat time
delay relay was removed from the generator control
panel and disassembled. An examination of the con
tacts, wipers, and associated circuitry was performed.
This examination revealed that the spring tension of

A-3B. GENERATOR CONTROL PANEL

1. Generator control panel. (cabi- wiper which controls contact terminals 2, 4, and 6 was
net). General Electric Co., EOIGD, 26 in. wide, 26 weaker than adjacent wiper which controls contact
in. long, 89 in. high, 800 lb. terminals 1, 3, and 5. The contact surfaces were in

spected and cleaned. The time delay relay was then re
assembled and a continuity check performed. This
check revealed that all contacts were now operating in
accordance with the test specifications; however, it
was noted that any movement of the relay would re
sult in a momentary interruption of contact which con
trols terminals 4 and 6.

A-t9
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A-3C. ELECTRIC MOTOR-GENERATOR CONTROL CENTER

FigureA-3C-1
Figure A-3C-2

1. Electric motor-generator control cen·
ter, Item Type Code (ITC) E03GM. Manufac
tured by Bogue Electric Company. The five-cabinet
unit is 12 ft wide, 4 ft 6 in. deep, and 7 ft 6 in. high.
The separately mounted cabinet is 3 ft wide, 4 ft deep,
and 8 ft 6 in. high. Equipment weight is approxi
mately 9336 lb.

2. Test.
a. Shock spectra.

Horizontal
Vertical

b. Biaxial tests.

3. Results.
a. Problems experienced.

(1) Most of the functional failures that occurred
during the testing involved the appearance of red flags
on the relays, indicating that the relays had been
tripped. This was not true, however, and it was deter
mined that the flags were shaken loose during the test
ing.

(2) The only mechanical damage that occurred
was the shearing of the bolts that latched the front
doors of the generator cabinet and the distribution
cabinet during test 12, 100 percent X-Z. All six bolts
were replaced and testing continued.

(3) During test 21, 100 percent Y-Z, the bus tie
breaker in the bottom of the bus tie cabinet changed
state. Since the breaker operated satisfactorily during
postshock testing, it was reset and testing continued.

(4) Throughout the tests, contacts of seal-in units
and/or indicating contractor switches of protective re
lays chattered closed for various times.

b. Discussion of functional and structural anoma
lies.

(1) The shaft of the differential phase C relay was
bent. This problem caused the differential phase C re
lay to be totally inoperative, making it impossible for
the motor-generator set to detect a phase C ground
fault or load imbalance; this could be fatal to the sys
tem. However, this fault did not occur during the test
ing.

(2) The bolts on the generator cabinet and distrib
utor cabinet doors were sheared. This problem could
cause substantial chatter on the relay contacts mount
ed on these doors. In addition, the doors could become
completely detached from the test specimen, severing
cables and therefore disabling fault indication and con
trol.

(3) The main tie breaker had a change of state.
Dropout of the main tie breaker, a critical system fail
ure, was caused by chatter on one or several of the re
lays associated with its protection circuit. Appearance
of flags was probably caused more by mechanical
stress than actual contact closure, since flags appeared
when there was no chatter on the associated contacts.
Consequently, appearance of a flag does not neces
sarily indicate an electrical functional anomaly. Con
tact chatter has an adverse degrading effect on the
normal functioning of protective relays. When chatter
continues long enough, tripping of protected circuit
breakers is initiated.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Test of Motor-Generator
Set E03GM, HNDSP-74-337-ED-R. Huntsville, AL:
COE, Dec 1974.
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A-3D. ELECTRIC MOTOR CONTROL CENTER

3. Results.
a. Deviations from proper performance. Instances

where the breaker contacts lost continuity during the
shock motions were observed. All breakers functioned
normally at the completion of the testing.

1. Electric motor control center. Item
Type Code (ITC) E12SS. A pair of cabinets manu
factured by the Westinghouse Electric Corporation,
bolted together to form a unit. The equipment is 3 ft 6
in. wide, 5 ft 6 in. deep, and 7 ft 10 in. high. Control
center weighs 722 lb. One cabinet contains four start
ers and the other six.

2. Test.
a. Shock spectra.

Vertical and horizontal
b. Axial tests.

Figure A-3D-l

b. Discussion of functional anomalies. Chatter in
the contacts of the starters would not seriously affect
operation of the equipment controlled by the breakers.
The longest duration of chatter, 110 msec, is so short
that the system function accomplished through the
connected load would not have enough time to deviate
appreciably. Arcing between the contacts on separa
tion might cause erosion of the surfaces, but the tend
ency to weld the contacts together would be minimal
or nonexistent.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Test of Motor Control Cen
ter E12SS, HNDSP-74-333-ED-R. Huntsville,
AL: COE, Dec 1974.
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A-3E. AIR COMPRESSOR, CONTROL PANEL, AND DRIVE MOTOR

Figure A-3E-1
Figure A-3E-2

1. Air compressor. control panel. and
drive motor. Control cabinet (Chicago Pneumatic)
weighs 4221b and measures 12 in. by 35 in. by 63 in.;
drive motor (U.S. Electric Motor) weighs 1105 Ib and
measures 33 in. by 30 in. by 25 in.; and temperature
switch (United Electronics) weighs 51b and measures 8
in. by 5 in. by 2 in.

2. Test.
a. Shock spectra.

Horizontal
Vertical

b. Single axis tests.

3. Results.
a. During shock No. 11, 75 percent level, vertical

axis, the temperature switch contacts momentarily
opened causing the hi-after cooler air temperature

fault to trip. This electrical trip caused the system to
shut down. It was also noted that the disable vibration
switch tripped causing a change from normal to a dis
able mode as indicated by a red warning light on the
face of the control panel.

b. During shock No. 14, 100 percent level, vertical
axis, the disabled vibration switch tripped causing a
change from a normal to a disable mode as indicated
by a red warning light on the face of the control panel.
This anomaly did not affect the operation of the sys
tem. There was no other functional degradation noted.

4. References and credits.

Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environmental Testing of Air Compres
sor Control Panel, Drive Motor, HNDSP
74-309-ED-R. Huntsville, AL: COE, May 1974.
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TM5-858-4

A-3F. MOTOR CONTROL CENTER

Figure A-3F-l

1. Motor control center. An assembly of five
commercial grade standard motor control cabinets,
made by Westinghouse Electric Corporation. The as
sembly measures 7 ft 11 in. long, 20 in. wide, and 7 ft
6 in. high. Total cabinet weight is 1870 lb.

2. Test.
a. Shock spectra.

Horizontal and vertical
b. Axial tests.

3. Results. No mechanical or functional failures oc·

curred during the shock testing of test specimen. In
spection of continuity sensor data revealed no in
stances of contact change of state.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Test of Electrical Motor
Control Center fTC E05SS Specimen A,
HNDSP-74-331-ED-R. Huntsville, AL: COE, Dec
1974.
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A-3G. ELECTRIC MOTOR CONTROL CENTER

Figure A-3G-l

1. Electric motor control center cabinets.
Cabinet No.1, 22311b, 90 in. high, 60 in. wide, 40 in.
deep and Cabinet No.2, 2146lb, 102 in. high, 80 in.
wide, 35 in. deep are manufactured by Hatch Manufac
turing Co., EI Paso, Texas.

2. Test.
a. Shock spectra.

Horizontal and vertical

b. Single axis tests.

3. Results. Table A-3G-1.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environmental Testing of Electric Motor
Control Centers (E52MC and E87MC), HNDSP
74-315-ED-R. Huntsville, AL: COE, Jul1974.
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Table A-3G-l. Test results

Run Test Electrical Structural
Specimen Axis No. Level Malfunction Damage Remarks

E87MC Z 1-1 A No No

E87MC Z 1-2 A No No

E8mC Z 1-3 A No No

E87rtC Z 2-1 B No No

E87MC Z 2-2 B No No

E8mC Z 3-1 C Yes No Chilled water pump starter
tripped. Jumper installed
on relay R3 between
Terminals 5 and 10.

E87MC Z 3-2 C Yes No Air conditioner overload
relay tripped--manually reset.

E87MC Z 4 4" DA No No

E87t-IC X 5 4.3" DA No No

E87MC X 6-1 A Yes No Chilled water pump breaker
tripped--manually reset.

E87MC X 6-2 A No No

E87MC X 6-3 A No No

E87MC X 6-4 A Yes No Chilled water pump breaker
tripped--manually reset.

E87MC X 7-1 B Yes No Jumper installed on chilled
water pump relay R3 between
Terminals 5 and 10. Lost
"run" condition. Indicated
"ready."

E87MC X 7-2 B No No

E87MC X 8-1 C Yes No ACU change "run" to "ready."
Jumper installed on ACU relay
R3 Terminals 5 and 10

E87MC X 8-1A - No No 75% level C (rerun)

E87t-1C X 8-2 C No Yes Welds cracked on mounting
channel at vertical meQber
joints.

E8mC Y 9-* 42" DA No No

E87MC y 10-1 A No No

E8mC Y 10-2 A No No

E8mC y 10-3 A Yes No ACU and chilled water pump
circuits changed from "run"
to "ready."

E87MC y 11-1 B No No 50% Level B
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Run Test Electrical Structural
Specimen Axis No. Level 11a1 function Damage Remarks

E87MC Y 11-2 B Yes No ACU and chilled water pump
circuits changed from "run"
to "ready." Jumpers installed
on relay R3 between Termi-
nals 5 and 10.

E87MC Y 12-1 - No No 75% Level C

E87MC Y 12-2 C No No

E87MC Y 12-3 - No Yes 125% Level C. Welds on
mounting channel cracked.
Rivets failed on relay
shelves.

E52MC Z 13 4.0" DA. No No

E52MC Z 14-1 - No No 50% Level A

E52MC Z 14-2" A No No

E52MC Z 14-3 A No No

E52MC Z 15-1 B Yes No Contact chatter on fire
water pumps.

E521-tC Z 15-2 B Yes No Chatter on fire water pump
7501. Manual lock on 7502.

E52MC Z 15-3 B Yes No Manual lock removed.
Chatter on 7502. Removed
motor starter coil connec-
tion on 7501.

E52MC Z 16-1 C Yes No Chatter on pump 7502.
Reinstalled coil connection
on 7501. Removed manual lock.

E52MC Z 16-2 C Yes No Lost screw connecting L2 to
control transformer P750l
changed state.

E52HC Z 16-3 C Yes No Chatter on pump 7502.
Engaged manual lock.

E52MC Z 16-4 C No No

E52MC X 17 42."DA No No

E5210fC X 18-1 - No No 50% Level A

E52MC X 18-2 A No No

E52MC X 18-3 A No No

ES2MC X 19-1 B Yes No Chatter on pump 7502.
Engaged manual lock.

ES2MC X 19-2 B No No Remove manual lock.

A-67



TM5-1~

Table A-3G-l. Test results (concluded)

Specimen

E52MC

E52MC

E52MC

E52MC

E52MC

E52MC

E52MC

E52MC

E52MC

E52MC

Axis

x

x

Y

Y

Y

Y

y

Y

Y

y

Roo
No.

20-1

20-2

21

22-1

22-2

22-1

22-2

22-3

23-1

23-2

Test
Level

c

c

4.0" DA

A

A

A

B

B

Electrical
Malfunction

Yes

Yes

No

Yes

No

No

No

Yes

Yes

No

Structural
Damage

No

No

No

No

No

No

No

No

No

No

Remarks

Lost air compressor output,
hot water pump, domestic
water pump, fire pump 7502.

Chatter on fuel oil unloading
area, test tower, indo sump
pump, eject steam boiler,
and fire water pump 7502.

50% Level A. Chatter on
pump 7502. Engaged manual
lock.

No test (restart computer).

50% Level A. Remove manual
lock.

Chatter on pump 7502.

Chatter on pump 7502.
Engage lock.

Release lock.

E52MC Y 24-1 C Yes No Chatter on 7501 and
Lost air compressor
oil valve tripped.
lock on pump 7502.

7502.
output
Engaged

E52HC y 24-2 C Yes No Chatter on 7501. Lost air
compressor output starter
oil relay tripped.



...
~
UI

~

10310210'
FREQUENCY, Hz

FIGURE A-3G-l. SHOCK SPECTRA

u.s. Army Corps of Engineers

10'~

103__~~

VI
.......
c:

>
I-

u
o
...J
w
:>

~s





TM5-151-4

A-3H. CIRCUIT BREAKERS

Figure A-3H-l

1. Unit substation, circuit breakers. The
electrical equipment was manufactured by the West
inghouse Electric Corporation for use on three-phase,
60-Hz alternating current. The substation is 5 ft 3 in.
wide, 5 ft 6 in. deep, and 7 ft 10 in. high. Equipment
weight is 4949 lb.

2. Test.
a. Shock spectra.

Horizontal and vertical
b. Biaxial tests.

3. Results.
a. Problems experienced. No structural failures oc

curred during the testing, but there was interference
with normal functioning of the equipment composing
the substation. Loss of the meter cover during test 19
did not interfere with operation of the meter.

b. Deviations from proper performance. There were
instances where the breakers failed to function nor
mally.

c. Discussion of functional anomalies. Two types of
anomalies occurred during the tests. The holder of the
disconnecting contacts mounted on a circuit breaker
broke, and some of the spring-loaded contacts in the
holder were dislodged. The electrical control circuit to
the tie breaker was lost, rendering the breaker unable
to perform its switching function. The other anomaly
was caused by rely contact chatter tripping circuit
breakers and disconnecting loads.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Test of Circuit Breakers
E27SS, HNDSP-74-335-ED-R. Huntsville, AL: COE,
Dec 1974.
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A-3I. CIRCUIT BREAKER ASSEMBLY

1. Circuit breaker cabinet assembly. A
standard commercial assembly made by Westinghouse
Electric Corporation. The assembly is 8 ft 9 in. wide, 5
ft 6 in. deep, and 7 ft 10 in. high.

2. Test.
a. Shock spectra.

Horizontal and vertical Figure A-3I-1
b. Biaxial tests.
c. Test machine: Electrohydraulic shaker (CERL fa

cility)

3. Results.
a. Problems experienced.

(1) Damage during the shock testing was confmed
to the breakers. During run 2, 100 percent V-A, the
contacts between breaker unit 5, cubicle A, and the
cabinet were bent so they could not make contact. The
breaker would not function automatically, but did
work manually.

(2) During the next run, 3, 100 percent Y-Z,
breaker unit 3, cubicle C, tripped when a screw holding
the trip shaft end plate came out causing the trip shaft
to become dislodged. Mter the end plate and screw
were replaced, the breaker functioned properly. Dur
ing the same test, breaker unit 5, cubicle D, tripped
due to internal mechanical failure. The breaker would
not function manually or automatically. No other dam
age occurred during the Y-Z axes testing.

(3) After test 11, the contacts on breaker 5, cubi
cle A, were replaced with the contacts from the broken
breaker in unit 5, cubicle D. After the next test, 50 per
cent X-Z, breaker unit 5, cubicle A, would not function
automatially, but would function manually. Inspection

revealed that the breaker disconnecting contact 1 had
cracked so contact 1 could not make contact. During
test 15, 75 perceBt X-Z, the contacts of breaker unit 5,
cubicle A, were bent, and the plastic supporting them
cracked. The breaker would not function automatical
ly, although it did function manually.

b. Deviations from properperformance.
(1) Instances where the circuit breakers failed to

perform normally are noted. The breaker change of
state occurred in test 17, 100 percent level.

(2) In addition, the cabinets' structural fasteners
started to loosen near the end of the test program.

c. Discussion of functional and structural anoma
lies.

(1) Failure of the circuit breakers to operate would
have one of two results:

(a) If the breaker opened upon failure, all essen
tial loads would be disconnected, impacting normal
functioning of the system.

(b) If the breaker remained closed and inopera
ble, normal system operation would not be impacted
unless an electrical fault developed on the related con
nected system, and the breaker would be unable to
trip.

(2) Loosening of the cabinet door fasteners on this
specimen reflected no appreciable structural degradua
tion.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Test of Circuit Breakers
E29SS, HNDSP-74-336-ED-R. Huntsville, AL: COE,
Dec 1974.
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A-3J. VOLTAGE REGULATOR AND CONTROL CENTER

1. Voltage regulator and motor control
center assembly. A Westinghouse Electric Cor
poration standard unit. It is 6 ft 9 in. long, 5 ft 6 in.
deep, and 7 ft 10 in. high. Substation weighs 4771 lb
and consists of three cabinets, one each for circuit
breakers, meters, and voltage regulator.

3. Results.
a. Problems exptrienced. No structural failures oc

curred during the testing, but interference with nor
mal functioning of two of the components did occur.
Device 97-2 chattered during runs 5, 6, and 8, at lev
els of 75, 75, and 100 percent respectively. When
checked after these tests, the breaker performed nor
mally. The flag on relay 27-2X dropped during runs

2. Test.
a. Shock spectra.

Horizontal and vertical
b. Biaxial tests.

Figure A-3J-1

19,20, and 21, aillOO percent level. When checked af
ter these tests, the relay performed normally after the
flag was reset.

b. Discussion of functional anomalies. The flag on
relay 27-2X that dropped is an indicating device; its
malfunction had no adverse effect on the circuit de
sign function of the relay. After the breaker tripped
several times due to abnormal functioning of device
97-2, investigation revealed that associated wiring
was tangled about the breaker so that its functioning
became unstable. After correction of the wiring prob
lem, testing continued and the anomaly did not recur.

4. References and credits.
Anny Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Test of Components of Unit
Substation E05SS-Specimen B (Voltage Regulator
and Circuit Breaker Section), HNDSP-74-332-ED-R.
Huntsville, AL: COE, Dec 1974.
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cuit of the voltage regulator during test 14. This fail
ure interrupted operation of the regulator, but there
was no deviation in output voltage of the regulator be
ing monitored. The condition was corrected by instal
lation of a new fuse. The chatter observed in the high
voltage switch during tests 4 and 6 did not interfere
with the conduct of the test program, but its effect on
the connected loads should be evaluated.

b. Discussion of functional anomalies.
(1) The effect of chatter in the high voltage switch

on the actual operation of the unit substation would be
a matter of extreme concern as to this type of circuit
interruption on the connected loads. Depending on the
construction of the switch, replacing the entire switch
assembly may be necessary rather than attempting to
repair or replace only the blades.

(2) The broken fuse in the regulator sensing cir
cuit would cause the regulator to stop functioning.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Test ofElectrical Unit Sub
station E04SS, HNDSP-74-330-ED-R. Huntsville,
AL: COE, Dec 1974.

FigureA-3K-1

A-3K. UNIT SUBSTATION (SWITCH/TRANSFORMER)

1. Unit substation.
a. A Westinghouse Electric Corporation Model SL,

serial number (SIN) PBV 2241-02. The switch is rated
600 amps at 5000 V. The transformer is rated 168
kVA at 65°C rise, 4160 to 480 Y V. The equipment is
designed for use on three-phase 60 Hz alternating cur
rent. The substation is 11 ft long, 6 ft long, 11/2 in.
wide, 8 ft 4112 in. high, and weighs 8800 lb.

b. The equipment consists of a high-voltage switch
section, a transformer section, and a dual section con
sisting of an output voltage regulator and output ter
minal cubicles.

2. Test.
a. Shock spectra.

Horizontal and vertical
b. Biaxial test.

3. Results.
a. Problems experienced. No structural failures oc

curred during the testing, but interference with nor
mal functioning of the equipment composing the sub
station did occur. The most serious functional failure
was mechanical breaking of a fuse in the sensing cir-
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A-3L. UNIT SUBSTATION TRANSFORMER

Figure A-3L-1
Figure A-3L-2

1. Unit substation transformer. A Westing
house Manufacturing Company Model SL, serial num
ber (SIN) PBV 2233-06, rated 13,800 to 480 Y volts at
1000 kVA. The oil-filled transformer weighs 11,116
lb, and is 7 ft 9 in. wide, 6 ft 6112 in. deep, and 8 ft 10
in. high.

2. Test.
a. Shock spectra.

Horizontal
Vertical

b. Biaxial test.

3. Results.
a. Problems experienced.

(1) Consistent failure of the sudden pressure relay
did not interrupt the progress of the testing. Resetting
the relay after each test was the only repair needed be
fore testing continued.

(2) The structural failUI'e of the mounting brack
ets at the base of the transformer during test 20, a 100
percent X-Z axis test, caused a short delay in the test
program. Repairs to the base necessitated removal of
the transformer from the shake table.

b. Discussion of functional and structural anoma
lies.

(1) Dropping out of the sudden pressure relay un
der normal operating conditions would drop the load
from the transformer, thus cutting off all power to
everything dependent on it for power.

(2) Structural damage to the mounting brackets of
the transformer could have extremely serious conse
quences, particularly if the transformer were thrown
down. The electric shock hazard from broken cables
would be serious until the electric supply could be cut
off. The coolant within the transformer's fins is toxic,
so rupture of the cooling system would also create a
hazard to personnel.

(3) If the insulator were to break looee completely,
fracture of the porcelain insulators could cause
grounding of the primary leads to the transformer
frame. The resulting heat and flame could lead to sub
sequent rupture of the cooling system, resulting in es
cape of the toxic coolant.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Test of Unit Substation
Transformer E16SS, HNDSP-74-334-ED-R. Hunts
ville, AL: COE, Dec 1974.
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A-3M. TRANSFORMER

Figure A-3M-1
Figure A-3M-2

1. Transformer. This specimen was a Westing
house, Type DT3, 75 kVA, 480, -120/208 volt. 3
phase transformer. This unit is a standard industrial
dry nonruggedized transformer. The specimen was ap
proximately 31 in. wide, 20 in. deep, and 31 in. high,
and weighs approximately 650 lb. The specimen was
floor mounted.

2. Test.
a. Shock spectra.

Horizontal
Vertical

b. Single axis tests.

3. Results. Passed.

4. References and credits.

The Ralph M. Parsons Co. NIKE-X Data Re
port: Shock Tests of Six Selected Items of Equipment,
NX-SE-165. Los Angeles, CA: Parsons, Feb 1969.
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A-3N. DIESEL ENGINE COMPONENTS

1. Diesel engine M & C components.
a. Diesel engine control cabinet. Manufactured by

Cooper Bessemer, weight 2000 lb, dimensions 103 in.
by 60 in. by 50 in.

b. Generator neutral resistor. Manufactured by Eu
clid Electric, weight 750 lb, dimensions 29 in. by 51 in.
by 48 in.

c. Fuel transfer pump. Manufactured by Roper,
weight 100 lb, dimensions 48 in. by 36 in. by 12 in.

d. Fuel pump. Manufactured by Cooper Bessemer,
weight 300 lb, dimensions 12 in. by 12 in. by 18 in.

e. Fuel pressure regulator. Manufactured by Cooper
Bessemer, weight 50 lb, dimensions 18 in. by 8 in. by 8
in.

f. Overspeed governor. Manufactured by Wood
ward, weight 60 lb, dimensions 18 in. by 10 in. by 7 in.

g. Load sensing governor. Manufactured by Wood
ward, weight 150 lb, dimensions 30 in. by 12 in. by 8
in.

h. Variable timing actuator. Manufactured by Coop
er Bessemer, weight 50 lb, dimensions 20 in. by 9 in.
by 6 in.

i. Pressure transmitter. Manufactured by Bristol,
weight 5 lb, dimensions 8 in. by 8 in. by 12 in.

j. Differential pressure transmitter. Manufactured
by Johnson, weight 5 lb, dimensions 3 in. by 3 in. by 3
in.

2. Test.
a. Shock spectra.

(1) Diesel engine control cabinet (figs. A-3N-1
andA-3N-3)

(2) Generator neutral resistor (figs. A-3N-2 and
A-3N-3)

(3) Fuel transfer pump (fig. A-3N-4)
(4) Fuel pump (fig. A-3N-4)
(5) Fuel pressure regulator (fig. A-3N-4)
(6) Overspeed governor (fig. A-3N-4)
(7) Load sensing governor (fig. A-3N-4)
(8) Variable timing actuator (fig. A-3N-4)
(9) Pressure transmitter (fig. A-3N-5)
(10) Differential pressure transmitter (fig.

A-3N-6)
b. Single axis test. Two horizontal and vertical.

3. Results.
a. All test articles were subjected to 100 percent of

the predicted shock level for the equipment. In addi
tion, the test articles were in an operational and moni
tored mode during shock testing.

b. Results indicate that no functional degradation
nor structural damage was observed during and after
shock testing. All test articles were in an operational
mode following shock testing with the exception of a
thermocouple recorder in the diesel engine control con
sole which became disabled due to unplugging of a con
nector. However, within minutes the connector was re
installed and the recorder was operational.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environmental Testing, Vol. I: Test Re
port, HNDSP-74-324-ED-R. Huntsville, AL: COE,
Dec 1974.

Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environmental Testing, Vol. II: Test Pro
cedures, HNDSP-74-324-ED-R. Huntsville, AL:
COE, Dec 1974.

A.....7



TM5-151-C

10
1

Cl

:z
0

~
at:.
l.LJ
...J
l.LJ
U
U
<

100
!

FREQUENCY. Hz
U.S. Army Corps of Engineers

FIGURE A-3N-1. SHOCK SPECTRlN NO. 1 (SS1) - USE FOR DIESEL ENGINE
CONTROL - HORIWNTAL

A-II



TM5-8S1-4

~l - !Irl !I. l'li 1 I! I ' ~ i! I" ! It ,. i"

HH1 'i !I, I if i ,'lfI' I I I i H I-t ,",, tit li!1 '" I II:,

i j I: i' ,,"

fi! iW !Ilif ,Iill ~ 11, II I': 1')1 i I j:, .;:
P~~III' lIIi· ji ::,' ,IIi,' t ,1 i··· '....

:;;: ~ i : :
:-:;:1 -..t-- -:
"'1 1-

I'j _. ,.• t

I+- ••••....• , _
1- ._HJ ," t,~' t·, _ ......

, ~+..: itt;'

t l "I • -t- ~r-HT-- ItiT' .,. ,'11

i.:: ~* tlf: TlJi ~::'7 ,;,'~ ILl.

'SH ': :;~ :::: J ~ I ~i~ ~ _, I.

:t:ffi 1,' +ttr Hf;J :~~ ±r
:Tj'l;ffiElMt; !:' i i . 'c2:BccflT, J'"i 1-:

~:~, ;E~: tt ~:: ~ i. ± ~ =0:. :::: ::~~ ._.
~-:z -~~._;

~ "

.C • , 1+
it i .. cI .

~.; tIi

tit
H

~ .1 ~ J,n:
, I

q~ :~-fi *

"i-i:iili. '

Cl

:z:
o

~
~

LLl
...J
LLl
U
u
<!

FREQUENCY, Hz

U.S. Army Corps of Engineers

FIGURE A-3N-2. SHOCK SPECTRUM NO.2 (552) - USE FOR GENERATOR NEUTRAL
RESISTOR - HORIZONTAL

A-It



TMS-ISI-4

11 , '.

II
II
I:

'1:

',. l' . 'Ii ,I' "." I'"

:

: :

--+-t-- ...

','

I

,...
..: .

.

!: .

I

...

..
, ,

'.' ..
J '

--+-~ -.;.- ~ •.

,T=:= : .. ~;. . __

_L~:~

: , -+ ':(';

102

,
~ ; ,

; ;

i;I'

. i ~ ,~ •. ,.,. +--t-t. ., T

.,
J 1 'i;

, If , " ii I.

~,I+J,! j rlfi iii','
f-ji ~ . rli ,.,.

! : i iJ, I

II, ! I I:

iI. :1; I.'WI ! I II: I.' ,

I", il!, ,. r " :; :.: i! , i

1-1-, "" + .. ~ ... -. , 'l-t' I"'! ' • . ;, '-

1 W- ... ~ ".I~. f+ -r-,:' ~ ,.,
r' '''·'·',14- .... ,.J.' +!~r;i~t' .""

::rei, Ii.:, ,; j'I',' III, I:'1t"; !'; ;;j ; It'! :' ..

t=a:ll'i :: :::: iii; Ie.... : : :!:-il ,ji' ,:'
.•.. j...~.-. ..;.;..~ ••.•.r.::tt ...... L -'.

~j' ,

:i;

101

01

Z
0

!;t
ex:
w
...J
LiJ
U
U«

10
0

FREQUENCY, Hz
U.S. Army Corps of Engineers

FIGURE A-3N-3. SHOCK SPECTRUM NO. 3 (SS3) - USE FOR DIESEL ENGINE CONTROL 
VERTICAL, GENERATOR NEUTRAL RESISTOR - VERTICAL

A-to



TM5-858-4

-t·1 tit' • +. I 'i + r.· ' .. I

l-+-f1u'-'-:p-+--+-+....:..,..."p,·+·-++t-tr-·f-I.,...·f-t--'1+1'"hill'ri'=f-'-+-++-M-H--,-"'f -~-+--+-e-. II
I' . ,': i

i i.

Cl

:z
o

~
a::
uJ
...J
uJ
U
U«

I " ",I l ,I .> ..

~I; i i '::; . ii' : ....

"

:

: '

"

i

FREQUENCY, Hz
u.s. Army Corps of Engineers

FIGURE A-3N-4. SHOCK SPECTRUM NO.4 (SS4) - USE FOR FUEL TRANSFER
PUMP, FUEL PUMP, FUEL PRESSURE REGULATOR, OVERSPEED
GOVERNOR AND VARIABLE TIMING ACTUATOR BOTH VERTICAL
AND HORIZONTAL

A-91



TM5-151-4

t I! 'I j lil! I

1- I1I1 "I "III . ii 'I II· II
t i,

II ", 'f i !

11' ,

! 1j: ::j :]1: ill! J I; i :

_It,I! .. , ' ,:: ill': " :il: t Ii 11 'r jt I! i;:'
I!: ,. :/ ' 11 II!: Iii ';:1

_s .
: j, :'Iii

:,~ : l' III '
1:1: ! ! ! t:i i; t:

::' .'

, ,

iii i ,j,

:Iii .,
, " ;

: I,. "
; i : ~

1c=l=1=t"-l HJ: ;:J: :jl;:lJ;' 'i> :1:: I, I ,- lill ,i:'
~ .... :•. :1::++11 .. ' ,. 1-1._ Ilfl, JI;'

i _

:t:j.: .t;

.. ,., ...

.,.

:: I;'; :::1 ;:: .

' ... ,:.
. ,I" .. 1 ,

1 ~'1 >/ ••

. ,. ~.,. _.'

1, t'
Lj;;

l : -jot -~ t

, , j

il! 1

+ +_ ,-.... t -."..-+-_ .. , , ..... ...,. ..
f' +-. ...• •••. ~-+-+ .--. t-... · 1\" .

- i I • ~ ~, ... 1 -; --i • .. .. 1

-rot -rh ~t' t lit ~ -+- tt It· t

j , '"~ ,'''1+111 1 I ,+t HH-J+ I'" I, ! .,

"'''''''''''1'1 ',."',' ',:.': .w..1 J J.,Ii,: 'i' , t" f)':.', ::,', i I;:::;;: iHHE, J itl ...'>1 ~ t : - , 1,,: L :

H-jrH-HHI it I I!' ,
IfJljL t t

10
1

01

Z
0

~
UJ
...J
W
U
U«

10
0

t TIft '. +-0-->-* ... ~, '-t- t • .,-+-+-j--f-I-t +-0' llll-+-Ht- i"-' .. +4-++---t- ....... -- .--+~.-+t. t .... • .... "

, ~, ,..,i· .. ,,4,1+, '.j ~tf->-t+ hi t~ 1+++ .... -..• Hi ! .4.l·,
:-,ljf4r ;::;;." ,;.,-{irlIfl.'lffiiiidllil'i :.p,::":,, •

-:-t--i--: 7ti~ ~!; j!~: lih:~i~ :~~ -i .. ~ ~ ~~i !~~ -t+fi ~~~: ::'. ~~. 4

FREQUENCY, Hz
U.S. Army Corps of Engineers

FIGURE A-3N-5. SHOCK SPECTRUM NO.5 (SSS) - USE FOR PRESSURE
TRANSMIITER AND DIFFERENTIAL PRESSURE
TRANSMIITER - HORIZONTAL

A-t2



TM,-a'I-4

-1::,1":11"'''11' ,11'I'lt II",: '11"1.,,' 4,
: i ; :!: i;;

-!i:: ': ;'1' "i:, .. ;": Iii' :il~~I..::I, "ii
I j, ••• I' .11 , I,,· .. [I. 'I"'IIIl..:...

, ,

1

,::, ,

..

"I··

:'.:: :
,... :

, ,

j.-_ +- • " ; - t·· ~".~ 1

1-+-- --. - .-. >- - , ..•

f-+h j _• ....l ~~ -.+1 ,

~~T::.' ffi'~'.!It'?,!! 1.·~.:••.t:.'I.i;:;" /:'1':1'''''' :~+, Iwi!H '"1':1 , ,... .... : :HL :i :r .. I.~,"
: " t; ~I' t • ',.

10
1

Cl

:z
a

!;:
a::
w
...J
W
U
U«

10
0

+-;- t'j' it·· .l.. ~... TO., •••• ..,---+ • .,...... •••.. t-- +- +- +---4~ f-<- •••

-~=:- -:-:!: ~~~ ~ji i?: ~ ~ --~_~-~~:--ff-1- ~~ ;~: -~-~-;: !i~~ ~J :j ~ ; ~ -~~ .

;~~~~'~fY:: ::;:S:~:::T ~ - , 'r;:: ';" ~Uc;c :

10-1 : "to<, ·.. ·.. I-f- • '. ' rr ,~~"",,,,

100 10
1

10
2

'T

FREQUENCY, Hz
u.s. Army Corps of Engineers

FIGURE A-3N-6. SHOCK SPECTRUM NO.6 (SS6) - USE FOR PRESSURE
TRANSMITTER AND DIFFERENTIAL PRESSURE
TRANSMITTER - VERTICAL

A-93





TM 5-151-4

A-30. MOTOR STARTER AND SURGE PAK

1. Motor Itarter and surge pak cal:»lnets.
Made by Westinghouse Electric Corporation. The
starter cabinet is 6 ft 4 in. wide, 8 ft 4 in. high, and 2 ft
4 in. deep. The surge pak cabinet is 3 ft 6 in. wide, 6 ft
6 in. high, and 2 ft 11 in. deep. The exciter/regulator
cabinet was made by Basler Electric Company and is 5
ft wide, 7 ft 6 in. high, and 4 ft 2 in. deep. Starter and
exciter cabinets weigh 7000 Ib and surge pack cabinet
weighs 1271 lb.

2. Test.
a. Shock spectra.

Starter and exciter (fig. A-30-1 and A-30-2)
Surge pak (figs. A-30-3 and A-30-4)

b. Biaxial tes t.

3. lelts. Damage to the starter cabinet was limited
to breaking of the door latches and hinges during tests
20, a 100 percent X-Z axis test; 27, a 50 percent Y-Z
axis test; 29 and 30, both 75 percent Y-Z axis tests;

and 31 and 35, both 100 percent Y-Z axis tests. This
failure could cause additional jarring of the relay con
tacts mounted on the door. Since the wires connecting
these contacts to the cabinet are routed along the
hinge, no damage to the wires should occur unless the
hinge breaks. Cutting these wires would have the same
effect on the equipment as deleting fault protection
from the system, with the additional possibility of fire,
due to shorting of live wires to the cabinet frame.
Throughout most of the series of during-shock tests,
the seal-in units and/or indicating contactor switches
of protective relays experienced chatter of a duration
adequate to initiate breaker tripping. Motor starter
cabinet became very loose.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Test of Motor-Generator
Set E12GM, HNDSP-74-338-ED-R. Huntsville,
AL: COE, Dec. 1974.
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A-3P. MONITOR AND CONTROL COMPONENTS

Nomenclature
P&ID outside air makeup
Local instrument
Local instrument
Pressure switch
Pressure switch
Pneumatic control valve
Pneumatic actuator
Butterfly valve
Indicating control assy
Butterfly valve
Plug valve
Plug valve
Temperature transmitter
Plug valve

1. Monitoring and control components.
Weight

lb
1065

210
210

34
1

206
75

700
44
77

197
245

1.5
6200

Space Envelope, in.
L by W by H

36 24 90
36 24 15
37 25 12
17 14 6
3.5 2.5 7

28 16 22
37 18 13
58 35 31
16 10 14
45 13 25
22 18 24
33 10 30

3 4 6.5
72 36 56

Manufacturer
Fairchild Hiller
Fairchild Hiller
Fairchild Hiller
Foxboro
Auen-Bradley
Honeywell
Masoneilan
Cover Corp.
Honeywell
Dover Corp.
Rockwell
Tuflite
Consolidated Dev.
Rockwell

2. Test.
a. Shock spectra.

ITCNo./Nomenclature Figure No.
163PL P&ID Outside air makeup A-3P-1, A-3P-2
150PL Local instrument A-3P-1, A-3P-2
153PL Local instrument A-3P-1, A-3P-2
154AP Pressure switch A-3P-1, A-3P-2
003SD Pressure switch A-3P-1, A-3P-2
P83CV Pneumatic control valve A-3P-1, A-3P-2
I18DA Pneumatic actuator A-3P-2, A-3P-4
P12VQ Butterfly valve A-3P-3, A-3P-5
I03CL Indicating control assy A-3P-3, A-3P-5
P22VQ Butterfly valve A-3P-3, A-3P-5
P05VJ Plug valve A-3P-3, A-3P-5
P67VJ Plug valve A-3P-3, A-3P-4
I01CV Temperature transmitter A-3P-2, A-3P-4
P65VJ Plug valve A-3P-3, A-3P-5

b. Biaxial test and single axis test. For items outside
air makeup, pneumatic actuator, butterfly valve, and
plug valve.

3. Results.

a. Structural degradation and one functional
anomaly occurred during test of the outside air make-

up panel: A swedge lock swivel in the panel sheared
off at the point it enters the differential pressure
transmitter; a brace was added for support and the
specimen was retested with no recurrence of the fail·
ure; during testing a front panel fell off and the lower
framework of the cabinet cracked; however, the struc
tural integrity of the cabinet or operation of the speci·
men was not affected; the pneumatic receiver indicat
ing controller malfunctioned after the second 100 per
cent level shock in the Y axis and the output pressure
shut off below the control index point. However, two
similar units were tested on local instrument panel
150PL and no malfunctions were encountered.

b. No major functional degradation nor structural
damage occurred on the remaining 13 items tested.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment of Monitor and Control
Components for U.S. Army, Engineer Division, Hunts
ville, Corps of Engineers, HNDSP-74-320-ED-R.
Huntsville, AL: COE, Dec 1974.
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A-3Q. RELAY PANEL

1. Relay panel. The specimen was a Westing
house, NEMA Type 1 panel enclosure, wall mounted.
It was equipped with four off-on pushbuttons and four
pilot lamps wired independently to four relays. The re
lays were the type used for machine tools and were of
various load ratings.

Figure A-3Q-2

2. Test.
a. Shock spectra.

Horizontal Figure A-3Q-l

Vertical
b. Single axis tests.

3. Results. Passed.

4. References and credits.
The Ralph M. Parsons Co. NIKE-X Data Re
port: Shock Tests of Six Selected Items of Equipment,
NX-SE-165. Los Angeles, CA: Parsons, Feb 1969.
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A-3R. GAS TURBINEIAC GENERATOR

Figure A-3R-1

1. Gas turbo-generator assembly.
a. The test specimen consisted of a gas turbine, gear

reducer, and three-phase AC generator, mounted on a
common base frame. Total weight of the equipment is
6000 lb.

b. The gas turbine assembly is an AiResearch Com
pany Model 831-500 gas turbine, serial number (SIN)
P-125, with an AiResearch gear reducer, 24:1 ratio,
Model GBS831500, SIN P-101, driving an Electric
Machinery Co. generator, SIN 271177131. Rated out
put of the unit is 400 kW, 277/480 V, 3 phase, 60 Hz,
at 1800 rpm. The assembly is 11 ft 9 in. long 4 ft wide,
and 4 ft high.

c. The engine control assembly was contained in a
box mounted on the turbine base frame and thus was
subjected to shock motions.

2. Test.
a. Shock spectra.

Horizontal and vertical
b. Biaxial test,

3. Results. The turbine-generator was successfully
tested (no failures) on both axes with no damage. An 8
hr postshock run at 300 kW load was performed with
no degradation from the established data base.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Test of Gas Turbine Elec
tric Generator E01GT, HNDSP-74-329-ED-R.
Huntsville, AL: COE, Dec 1974.

A-1n



•I....
hi

III

'-
c:

>
I-
u
o
....J
UJ
>

10
1

FREQUENCY, Hz
u.s. Army Corps of Engineers

FIGURE A-3R-1. SHOCK SPEcrRA - HORIZONTAL AND VERTICAL

103

;

!



1M 5-151-4

A-3S. CHILLER

discontinuity on motor starter contacts was experi
enced. This did not affect operation of the control con
sole. There was no functional degradation noted dur
ing shock applications in the Xaxis.

d. Load limiting relay (LLR). There was no func
tional degradation noted prior to, during, or after ac
tual shock applications. However, due to momentary
opening of the pressure electric switch (PE-1) the load
limiting relay (LLR) dropped out until the TR-3 tim
ing relay would complete its timing cycle. This oc
curred during shock applications nos. 1 through 4 of
the X axis.

e. Condenser pressure transducer (N6530-1). Up to
and including shock applications nos. 1 through 6, Z
axis, there was no functional degradation noted. How
ever, upon performing a functional test at the comple
tion of shock No.7, 100 percent level, Z axis, the out
put voltage of the pressure transducer (N6530-1)
dropped from 1.0 vdc output at 15 psi to 0.701 vdc
output at 15 psi. The output pressure versus electrical
output was noted to change slightly in the final shock
applications, with the final reading, after shock No.
13, as follows: 15 psi =0.974 vdc. There was no other
functional degradation noted.

f. High pressure switch (HDC). During shock No.
10, 75 percent level, Y axis, the high pressure switch
(HPC) momentarily opened up as indicated on fault in
dicator light. This anomaly caused the CR-8 control
relay to drop out and the chiller run light to shut off
and chiller stop light to go on. The system was reset
and testing continued with no other degradation noted
to the high pressure switch.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environmental Testing of 660-ton
Chiller Components, HNDSP-74-308-ED-R. Hunts
ville, AL: COE, Dec 1974.

Century
Century
The Trane Co.

Manufacturer

FigureA-3S-1
Figure A-3S-2

19 by 15 dia.
30 by 7 by 7
66 by 27 by76

Space Envelope, in.

60
45

800

1. 66O-ton chiller components. The test
specimens consisted of a control console, oil pump, re
lief valve, and oil cooler. The control console was
tested as one test package and the oil pump, relief
valve and oil cooler as another package.

DESCRIPTION OF TEST SPECIMEN
Weight,

IbItem Type
Oil Pump and
Relief Valve
Oil Cooler
Control Console

2. Test.
a. Shock spectra.

Horizontal
Vertical

b. Single axis test.

3. Results.
a. Pressure electric switch (PE-l). During shock ap

plications nos. 1,2,3, and 4, X axis, the pressure elec
tric switch momentarily opened. This caused the TR-l
and TR-3 to recycle and the load limiting relay (LLR)
to drop out until the TR-3 completed its timing cycle.
Corrective action:

Testing was continued after TR-3 completed
cycle. The pressure electric switch is a
mercury filled glass bulb type and is sensitive
to movement in the X axis direction.

b. Timing relay (TR-3). There was no functional
degradation noted prior to, during, or after actual
shock applications. However, due to momentary open
ing of the pressure electric switch (PE-1) the timing
relay (TR-3) would recycle. This anomaly was experi
enced during shock applications no. 1 through 4, X
axis. This anomaly actually verified that the timing re
lay was functioning properly.

c. Motor starter (MS-l). During actual shock appli
cations Nos. 7 through 13, Z and Y axes, a momentary

A-113
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TM5-858-4

A-3T. COOLING COILS

Figure A-3T-1

Figure A-3T-21. AHU cooling colis. This specimen was a
Trane, Type W, Series 15, 4-row cooling coil. The out
side dimensions are approximately 102 in. wide, 6 in.
deep, and 34 in. high. The assembly weighs approxi
mately 300 lb when empty.

2. Test.
a. Shock spectra.

Horizontal

Vertical
b. Single axis tests.

3. Results. Passed.

4. References and credits.
The Ralph M. Parsons Co. NIKE-X Data Re
port: Shock Tests ofSix Selected Items of Equipment.
NX-SE-165. Los Angeles, CA: Parsons, Feb 1969.
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A-3U. AIR HANDLING UNIT

1. Air handling unit.
a. The air handling unit is designated as Model

39BB1354TA12-M by the manufacturer, the Carrier
Air Conditioning Company, a division of the Carrier
Corporation, Syracuse, NY. The unit consists of three
sections. The first section contains permanent alum
inum mesh filters to remove solid particles from the
air stream. The second section contains two sets of
finned-tube coils for heating and/or cooling the air.
The coils were filled with water for the test. The third
section contains fans that draw air through the first
and second sections and discharge it into the distribu
tion ducts. The assembled unit is 13 ft 10 in. long, 10
ft 4 in. wide, and 6 ft 4 in. high. The unit weighs
10,0731b with water in the coils.

b. The air handling unit is designed to move 34,000
cu ft of air/min with a static pressure of 2.8 in. of wa
ter. It is powered by a 40-hp, 1770-rpm, 460-V, 3
phase, 48-amp, 60-cycle General Electric induction
motor, model 5K364AK962, serial No. FH243012.
The motor has a continuous time rating and a service
factor of 1.15.

c. The drive motor was initially located on top of the
air handling unit. It was subsequently relocated on the
side of the unit to make the mounting configuration
similar to that of the air handling units installed at the
Safeguard Grand Forks site.

2. Tests.
a. Shock spectra. Figure A-3D-1.
b. Biaxial tests.

3. Results.
a. Ten instances of functional or structural failure

occurred during the testing of the air handling unit.
Before the relocation of the motor, tension in the drive
belts was lost twice, at test levels of 75 percent and
100 percent. A leak in the lower coil section occurred
at the 75 percent test level. Damage to the filter sec
tion occurred twice at the 75 percent test level and 5
times at the 100 percent test level. .

b. Loss of tension in the drive belts caused an im
mediate loss of power to the fan wheel, thus rendering
the air handling unit inoperable. The fan drive motor
was mounted on the top of the fan section close to the
discharge nozzle. Films taken during the testing re
vealed that the motor tipped along its axis by approxi
mately 5 to 10 deg during the shock; this tilting was
apparently due to flexion of the flat top of the fan sec
tion. This tilt slackened the belts and disaligned the
pulleys sufficiently so that all three belts were dis
lodged.

c. Development of a coil leak in an actual installa
tion would interfere with normal operation, but would
not cause an immediate shutdown of the ventilation
equipment. However, while the broken coil is valved
off pending repair, the heating or cooling capability of
the air unit would be lost.

d. Loss of filters could be potentially more hazard
ous than a coil leak. During preliminary operation of
the fan to check rotation of the motor and electrical
wiring, fuses blew after a short time. This problem
ended when the filters were installed. Measurement of
electric current disclosed that without filters the mo
tor drew considerably higher current because it was
moving more air than it was designed to handle. In
stallation of the filters increased the resistance to
flow, thus reducing the quantity of air being mowd.
Should fuses fail to blow when a filter has disinte
grated, overheating of cables or connections could lead
to fire hazards. A threaded rod brace was installed in
the filter section to pull the filter tracks together, thus
holding the filters more securely. Tests indicated that
this action had limited success. While it prevented
complete loss of filters, partial dislodging of filters
from the supporting tracks still occurred.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Testing of Air Handling
Unit, HNDSP-74-325-ED-R. Huntsville, AL: COE,
Dec 1974.
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TM5-858-4

A-3V. HEAT SENSOR

entire assembly was functionally operated to deter
mine that no damage had occurred in previous testing.
Also during the actual shock testing both the bellows
assembly unit of the heat sensor and the pilot lamp in
the electric controller were monitored to determine
any malfunction resulting from test conditions. There
was no structural degradation noted during or after
testing.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Testing ofHeat Sensing De
vice Assembly, HNDSP-74-345-ED-R. Huntsville,
AL: COE, Dec 1974.

Figure A-3V-1
Figure A-3V-2

6by3 by3
1
Automatic
Sprinkler Co.

2. Telt.
a. Shock spectra.

Horizontal
Vertical

b. Biaxial tests.

3. Results. Prior to and after each shock test the

1. Heat sensing device assembly. This as
sembly is described in the table below:
Item Type: Electric Controller Heat Sensor

Model 93
6by 6by 18'12
16
Automatic
Sprinkler Co.

Space Envelope, in.:
Weight,lb:
Manufacturer:
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TM5-151-4

A-3W. AIR FILTER

Figure A-3W-l

Figure A-3W-21. AHU air filter. This specimen was a Cam
bridge Filter Corporation, bag type filter, Model
43X095, with a 24-in. square inlet, a 36-in. long bag,
and a 24-in. square, 2-in. thick fiberglass prefilter
Model5KJ123232.

2. Test.
a. Shock spectra.

Horizontal

Vertical
b. Single axis tests.

3. Results. Passed.

4. References ancl creellts.

The Ralph M. Parsons Co. NIKE-X Data Re
port: Shock Tests ofSix Selected Items ofEquipment,
NX-SE-165. Los Angeles, CA: Parsons, Feb 1969.
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A-3X. PIPING SEGMENTS

1. Three piping segments.
a. Three separate piping segments were mounted on

one structural frame. The principal components of
each segment are listed in the table below, with their
corresponding Item Type Code (ITC) numbers. The pip
ing segments and supports weight 7220 Ib and the
frame 6680 Ib, making the total weight on the shake
table 13,900 lb.

3. Results.
a. Problems experienced.

(1) Both water systems performed satisfactorily,
except for a few minor leaks confined to pressure
transducer mountings. Also, all of the pressure gages
were damaged to some extent during the testing. How
ever, the compressed air system totally failed three
times during the testing; in all cases, the failure was in
the air receiver and nearby piping.

(2) The first failure occurred during test 11. The
"dead-end" air line screwed into the nozzle at the top of
the receiver popped out of the nozzle, causing a com-

plete loss of pressure in the system. The two "U" bolts
which attached this pipe to the frame were also
sheared. Necessary repairs were made and testing con
tinued.

(3) During test 19, the table inserts into which the
hold-down bolts for the receiver fixtures were fastened
pulled out of the table. This caused the "dead-end" air
line to be sheared off at the top nozzle of the air receiv
er. The threads of this nozzle (a pipe coupling) were
damaged too extensively to be repaired quickly. Since
a pressure of 15 psig was required during the test, an
excessive amount of pipe joint tape was used as a seal,
the "dead-end" line was forced into the nozzle, and the
compressed air supply from the building was left on
for the duration of the test.

b. Discussion of functional and structural anom
alies.

(1) Five instances of functional or structural fail
ure occurred during the testing of the piping seg
ments. In each case, the failure occurred at the point
where the air line entered the air receiver through the
top nozzle. The first time this occurred, the result was
a minor leak which was corrected by tightening the
pipe. The loss of air from this leak could be overcome
by more frequent cycling of an installation's air com
pressor until the pipe could be tightened.

(2) Complete separation of the pipe from the noz
zle would lead to rapid loss of air from the system.
Operation of the air compressor could not sustain the
pressure, and other systems depending on the com
pressed air would fail.

(3) However, two important facts must be consid
ered-cumulative damage and overtesting. Twenty
one tests were performed on the test assem
blage: three at the 25 percent level, three at the 50
percent level, eight at the 75 percent level, four at the
100 percent level, and three at the 75 percent vertical,
100 percent horizontal level. Damage was noted only
at test runs of 75 percent or higher levels. A great
amount of overtesting, particularly at the higher fre
quencies, resulted from limited calibration success.

(4) In addition, the shock level at which failures in
the air receiver piping were first noted (75 percent) is
considerably higher than the design shock level at the
actual location of the air receiver. Considering this
fact, no damage to the air receiver piping occurred at
its full design shock.

4. References and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environment Test of Chilled Water Sys
tem Segment, Digital Rack Cooling System Segment,
and Compressed Air System Segment, HNDSP
74-326-ED-R. Huntsville, AL: COE, Dec 1974.

ITC No,
P05VB
P23HF
P83VP

I06PI
P03VN
P02PC
P87VC

I02PI

ITCNo,
P41VO
POITM
P08SR
P97VC

I35PI
P21TP
P15VV
PUSS
P21VJ

FigureA-3X-1
Figure A-3X-2

2. Telt.
a. Shock spectra.

Horizontal
Vertical

b. Biaxial tests.

b. The centrifugal pump of the water circulating
system is a Pacific Pumping Co. model 20-40955, se
rial number (SIN) EDG-0637, rated 475 gpm at 43 ft
TDH. It is powered by a Reuland electric induction mo
tor, model B3297X, SIN 722359A-1, 7.5 hp, 1800
rpm, 460 V, 3 phase, 60 Hx, 9.7 amp, time rating B.

PIPING SEGMENT PRINCIPAL COMPONENTS
DigitalRack Cooling System

Segment
Principal Component
Butt€rfly valve
Metal hose assembly
Plug valve
Pressure indicator
Needle valve
Centrifugal pump
Check valve
Pressure indicator

Compressed Air System Segment
Principal Component ITC No. Principal Component
Gat€ valve P69VG Globe valve
Pressure regulating P50VE Moisture trap

valve Safety relief valve
Needle valve P13VN Check valve
Pressure indicator I34PI Pressure indicator
Fluid filter P15GF Gaseous storage tank
Globe valve P42VO Plug valve
Fluid filter P14GF Sediment strainer
Plug valve P29VJ Plug valve

Chiller Water System Segment
Principal Component ITC No,
Flow indicator I16FI
Plug valve P03VJ
Sediment strainer P06SS
Plug valve P92JV
Temperature indicator I02TI
Temperature regulating P42CV

valve
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A-3Y. PIPING SEGMENT

1. Piping segment.
a. The chilled water circulating system consists of

the components listed in the table below, together
with the necessary piping, assembled within a struc
tural steel frame. The system was connected to a water
storage tank by means of flexible hoses located at the
BSTM shake table periphery; water from the tank was
circulated through the system before, during, and af
ter each test. The weight of the system filled with wa
ter is 7300 Ib, and the weight of the structural frame is
5600 Ib, making the total weight on the shake table
12,900 lb. The rate of flow of circulating water was de
termined using a venturi-type flowmeter and manome
ter.

b. The pump is Pacific Pumping Company model
29-80122-KPS, serial number (SIN) EDG-0638, rated
1472 gpm at 80 ft TDH. It is powered by a Reuland
electric induction motor, model B9870X, SIN
722359C-l, rated 40 hp, 1800 rpm, 460 V, 53 amp, 3
phase, 60 Hz, for continuous service.

MSRPP CHILLED WATER SYSTEM SEGMENT
Principal Component fTC No.
F10w switch I57FS
Plug valve PllVJ
Check valve P76VC
Pressure indicator I04PI
Needle valve P13VN
Expansion joint P56EJ
Centrifugal pump P39PC
Expansion joint P57EJ
Sediment strainer P43SS
Butterfly valve P07VB

2. Test.
a. Shock spectra.

Horizontal
Vertical

FigureA-3Y-1
Figure A-3Y-2

b. Biaxial testing.

3. Results.
a. Problems experienced.

(1) The most serious problem experienced during
the shock testing was shearing of the pump mounting
bolt. Shearing of these bolts could lead to misalign
ment of the pump and motor shafts, causing the cou
pling to break. This would immediately stop all flow of
water through the system, leading to a loss of cooling
for the air conditioning system. However, it is sus
pected that the damage to the motor mounting bolt
and flange bolt was due to progressive stretching and
loosening of the bolts during the previous tests.

(2) Bending of pipe support "un bolts and crack
ing of one or two flange bolts would not have serious
consequences or interrupt operation of the system.
Loss of a pressure gage would also be of no conse
quence. If the gage bourdon tube should break, shut
ting the cock between the gage and the pipe to which it
is mounted would stop the loss of water from the line.

b. Deviation from proper performance. Two im
portant facts must be considered-cumulative damage
and overtesting. There were 27 tests performed on the
test assemblage: six at the 25 percent level five at the
50 percent level, four at the 75 percent level, and 12 at
the 100 percent level. Damage was noted only at test
runs at 75 percent and 100 percent levels. A great
amount of overtesting resulted from limited calibra
tion success, particularly at the higher frequencies.

4. References and credits.
Army Corps of Engineers (COE. Test Report on Safe
guard Shock Environment Test ofMSRPP Chilled Wa
ter Circulating System, HNDSP-74-327-ED-R.
Huntsville, AL: COE, Dec 1974.
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A·3Z. MONITOR AND CONTROL DUCT·MOUNTED EQUIPMENT

1. Monitor and control duct·mounted equipment. The test specimensconsisted of four
major test packages which are identified as Test Packages 1,2,3. and 4. Specific

identification information is shown below.

DESCR IPTION OF TEST SPECIM ENS

A-138

Item Type

Test Package 1

10lPE Temperature
regulating valve

104ET Electro
pneumatic transducer

107TT Temperature
transducer

13lTT Temperature
transducer

113TT Temperature
transducer

10lTE Temperature
element

114PT Pressure
transducer

Extractor (EX-88A)

Volume damper (Ve-8)

Four-way diffuser
(S-E4)

Four-way diffuser
(S-E4)

Weight,
lb

9.0

3.0

12.0

12.0

35.0

2.0

4.0

7.0

2.0

2.0

8.0

Space Envelope, in.

14 x 10 x 10

8 x 4-1/2 x 4-1/2

14 x 14 x 8

14 x 14 x 8

16 x 12 x 10

10-1/2 x 10-1/2 x 3

9 x 7 x 8-1/2

18 x 1-1/2 x 18

22 x 4 x 1-1/2

6 x 4 x 6

18 x 4 x 18

Manufacturer

Conoflow Corp.

Ametek

Ametek

Ametek

Honeywell

Honeywell

Robertshaw

Krueger

Krueger

Krueger

Krueger
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Item Type

Test Package 2

I50AP Pressure switch

IOlMT Humidity
transmitter

102CH Dew point
sensor

I02CH Dew point
sensor probe

IIOCH Relay and power
adapter

IlOCH Humidity
transmitter

IIOCH Power supply

IlOCH Receiver
controller

I23PL Pneumatic
therlllOstat

P68VE Regulator
filter

Manual pressure
reducing valve

Manual pressure
reducing valve

Test Package 3

Top register (880V)

Top register (880V)

Fire damper
(119-V-Type A)

Volume damper (VC-8)

Test Package 4

I33SL Pressure switch

I63FS Flow switch

I20SL Current trip

IOlDA Pneumatic
pressure regulator

H8701 Damper

Weight,
lb

3.0

2.8

2.0

0.8

2.0

1.8

4.0

1.0

5.0

4.0

40.0

60.0

6.0

95.0

3.0

8.0

3.0

4.0

2.8

10.0

70.0

Space Envelope, in.

7 x 3 x 7

12-1/2 x 9 x 11-1/2

5-1/2 x 3 x 4-1/2

14 x 4 x 4

8.S x 8.5 x 3

16-1/2 x 4 x 4-1/2

7 x 4 x 3-1/2

10-1/2 x 4 x 3

13 x 8-1/2 x 10

9-1/2 x 3-1/2 x 3

14 x 16 x 7

34 x 6 x 30

8 x 5 x 6

48 x 3-1/2 x 36

24 x 12 x 12

30 x 1-1/2 x 18

5-1/4 x 6 x 4-1/2

7 x 7 x 33

4-1/2 x 3 x 5-1/2

20-1/2 x 11-1/2 x 9-1/2

30 x 4 x 28

Manufacturer

Mercoid

Powers

Telmar

Foxboro

Barber Colman

Barber Colman

Barber Colman

Barber Colman

Fairchild Hiller

Fairchild Hiller

Krueger

Krueger

Krueger

Krueger

Air Balance

Krueger

Square "D"

Peeco

Telmar

Fairchild Hiller

Imperial Damper

A-139





3. Results.
a. Temperature transducer I07Tr experienced

structural damage. The male end of the 114-in. elbow,
that joins the pressure regulator and the transducer
housing, sheared off. A bracket was added to support
the air regulator and the specimen retested with no re
currence of the trouble.

b. Humidity transmitter IOIMT functionally failed
during shock in the Y axis. The failure was caused by
the sensing element being severed.

c. The straps restraining the release mechanism on
the 24 by 12-in. fire damper (1l9-V type A) deformed
during shock testing and slipped out of its slots (in the
fusable link) and closed the fire door. The restraint
straps and fusable link in the damper were reassem
bled with a sprial twist applied to the straps. The

2. Test.
a. Shock spectra.

Horizontal
.Vertical

b. Singk axis tests.

Figure A-3Z-1
Figure A-3Z-2

TM5-151-4

specimen was then retested with no further functional
degradation.

d. During testing of the 48 by 36-in. top register
(880-V) and 18 by 18-in. four-way diffuser (S-E4), the
set position of the vanes and the blades were displaced.
The lower row of the adjustable blades on the register
moved from full open to full closed position. The vanes
on the diffuser moved from full open to 60 percent
closed position. This movement was caused by exces
sive mechanical slack at the point where the vanes are
attached to the linkage.

e. No functional degradation nor structural damage
occurred on the remaining components covered by this
test.

4. References and credits.

Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environmental Testing of Monitor and
Control Components and Duct Mounted Equipment,
HNDSP-74-307-ED-R. Huntsville, AL: COE, Apr
1974.
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TM5-151-4

A-3AA. PUMP. MOTOR AND VALVE

1. Pump and motor with flow control
valve. This combination specimen consisted
of a pump, Pacific Pump Company, Model
11-305-533261, 380 gpm at 24-ft TDH, with 5 hp
motor, valve; and a Johnson Controls valve with actua
tor assembly, V5820-15, 3-m. size. The motor-pump
assembly was suitably piped to the Johnson flow con
trol valve.

Figure A-3AA-2

2. Test.
a. Shock spectra.

Horizontal Figure A-3AA-1

Vertical
b. Single axis tests.

3. Results. Passed vertical and one horizontal test.
In second horizontal axis, pressure fluctuation about
12 psig reference ranged from 8.5 to 16 psig. System
returned to normal after test.

4. References and credits.
The Ralph M. Parsons Co. NIKE-X Data Re
port: Shock Tests of Six Selected Items of Equipment,
NX-SE-165. Los Angeles, CA: Parsons, Feb 1969.

A-145



TM5-151-4

A

Z
o

~
~

UJ
....J
UJ
U
U«

2

u.s. Army Corps of Engineers

.. -

-- -1

- - :-~

..

'0
1

FREQUENCY, Hz

_.

I

l-i- 1-'

-- . j '-.. :.

i:
f --

- - -

! -

l. ,

I I

f:~
l-

A-146

FIGURE A-3AA-l. COMPARISON OF DESIGN AND TEST RESPONSE SPECTRA,
HORIZONTAL AXIS



TM5-151-4

t" -_
j., .

o·

I·

. '~ ..

: :
. .•. : t ..

~-f~H~

I .•-- -
I,1

I

I ~

-z
o

~
w....
w
u
u
-<

FIGURE A-3AA-2. COMPARISON OF DESIGN fu~D TEST RESPONSE SPECTRA,
HORIZONTAL AXIS

A-147





TMS-ISI-4

A-388. SHUTDOWN SWITCH

3. Relultl.
a. Prior to and after each shock test the test speci

men and reservoir was filled with oil and then drained

to determine that the switch functioned properly.
Prior to, during, and after each full level shock appli
cation, the test specimen was monitored for any
switch discontinuity. There was no structural degrada
tion noted during or after any test.

b. During shock application No.5, 100 percent, X-Y
axis, and shock No.7, 100 percent, Z-Y axis, a discon
tinuity was experienced on switch. Switch contacts
opened.

c. This anomaly occurred when oil level was just
above switch actuation point (closed).

4. Referencel and credltl.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environmental Testing of Compressor
Control Oil Shutdown Switch, HNDSP
74-340-ED-R. Huntsville, AL: COE, Nov 1974.

Figure A-3BB-1
Figure A-3BB-2

Space Envelope, in.:
Weight,lb:
Manufacturer:

2. Telt.
a. Shock spectra.

Horizontal
Vertical

b. Biaxial tests.

1. Compressor control shutdown Iwltch.
The switch is described in the following table:

Item Type: Compressor control oil
shutdown switch
9by8by 11
10
Chicago Pneumatic
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A-3CC. PRESSURE CONTROL VALVE

Figure A-3CC-1
Figure A-3CC-2

1. Preuure control valve. The valve is de
scribed in the following table:

Item Type: Pressure control valve
Space envelope in: 18lfz by 12% by 24
Weight,lb: 300
Manufacturer: Jordan Valve Co.

2. Test.
a. Shock spectra.

Horizontal
Vertical

b. Single axis tests.

3. Results. Prior to and after each shock test the
pressure control valve P83VE was functionally oper
ated by flowing water at 150 psig pressure to the inlet

and adjusting the valve to regulate the pressure down
to 100 psig on the outlet side. Prior to, during, and af
ter each shock application the inlet and outlet static
pressures were monitored and transient pressures
were monitored during shock applications. There was
no structural degradation noted during or after test
ing. The valve exhibited some deviations from the reg
ulated pressure output, but these were not enough to
effect the functional performance of the valve.

4. Referenc•• and credits.
Army Corps of Engineers (COE). Test Report on Safe
guard Shock Environmental Testing of Pressure Con
trol Valve (P83VE), HNDSP-74-342-ED-R. Hunts
ville, AL: COE, Nov 1974.
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FIGURE A-3CC-l. HORIZONTAL SHOCK SPECTRUM FOR OUTSIDE AIR MAKE-UP, LOCAL INSTRUMENTS, PRESSURE SWITCHES,
AND PNEUMATIC CONTROL VALVE
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A-4. Shock Spectrum Analysis for Com-
mand Communication Equipment.

A-4-1. Nature of the survey. An intensive effort
was undertaken to identify, describe, ins~t, and as
sess a large group of command communication equip
ment items. Manufacturers were visited, commercial
literature was received, and equipment was observed.
Supplemental information was obtained from the Min
uteman and Safeguard programs. Estimates of equip
ment fragility levels were established in the form of
shock spectra.

A-4-2. Equipment description. Table A-4-1 pro
vides a complete listing of the 75 pieces of equipment
that were reviewed. The table includes manufacturers
and model numbers as well as dimensions and equip
ment descriptions.

A-4-3. Shock spectrum criteria and as
sumptions.

a. The shock spectrum analysis provides a means of
comparing many different time histories for damage
potential based only on the assumption that the higher
the shock spectrum, the greater the damage potential.
The term Q is used to define the damping associated
with the spectrum analysis. Qis related to the oscilla
tor percent of critical damping as follows: Q = l/Z~. So
for ~ =10 percent (or 0.1), Q=5. The q =5 damping
is used because this represents a realistic value of
damping for this type of equipment.

b. Definitions of the Q =5 shock spectra fragility
threshold levels derived for the command communica
tions equipment items are provided in figure A-4-1.
In establishing these threshold shock spectra levels,
several assumptions were made:

(1) The levels were established for the floor/equip
ment interface. For equipment normally rack-installed
as a drawer (or on top of a console), structural stiffness
and packaging of the rackJconsole were assumed to be
similar to other interfacing equipment.

(2) Floor tie-downs are required for all equipment
installations, whether they are handmounted, or
shockmounted, floor mounted or rackJconsole
mounted.

(3) Cable interfacing requirements must also be

TM5-1H-4

addressed. These include source power and interface
cable routing, relative displacements, tie-down, and se
curing techniques.

(4) In the case of the battery plant (telephone cen
tral office) the threshold level is estimated for the bat
teries in a tied down configuration. It was judged that
the battery stacking support structure must be de
signed to withstand whatever personnel capability lev
el is selected for further assessments, based on what
ever battery weight/stacking configuration is consid
ered.

A-4-4. Shock tolerance data.
a. Insufficient data exists for accurate shock and

vibration vulnerability assessments of any of the com
mand communication equipment identified as part of
this study. That is, the actual shock and vibration vul
nerability thresholds of these equipment items are un
known and will remain so until adequate tests are per
formed.

b. Because of the lack of sufficient shock and vibra
tion vulnerability data, assessments of the C-E equip
ment were based on the limited amount of test data for
similar equipment (e.g.: Minuteman, Safeguard, etc.)
combined with engineering judgment and visual as
sessments of the equipment when possible. For those
equipment items that were designed for military us
age, the specific MIL-STD test specification refer
enced for that item was assumed to be representative
of the highest level to which that item was capable of
surviving. This may seem to indicate conservative esti
mates (low) of the equipment susceptibility; however,
the lack of substantiating data from test reports dic
tated this approach. Visual assessments of some of
this military equipment and supporting data from
Minuteman also supported this conclusion.

c. Shock tolerance level assessments for each of the
command communications equipment items are sum
marized in the right-hand column of table A-4-1.
These leveUi are defined in figure A-4-1.

A-4-5. References and credits.
Boeing Aerospace Co. (BAC). Personnel and C-E
Equipment Shock Tolerance: Summary Report,
2-1194-9100-164. Seattle, WA: BAC, Sep 1977.
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TABLE A-4-1. COMMAND COMMUNICATION EQUIPMENT DESCRIPTION

EQU'PltENT ASSEIIlLlESI HODEL. TYP[. Hi\NUfACTUAER D'Ml"NSIONS ESTIMATED FRAGILITY
OR ANI NO. NEIGHT- II'OTII- (j[~TH - ilEIGiIT- PART D£SCRIPTIONfUSAGE THRESHOLD LEVELSUB-ASSEMlIL 'ES

CIl (INI 'M (IN) CIl (III KG (LBI

TELEPHONE ~[IIT

CMOSS BAR SWITCII 158 WESHRN HEC IIIRE AUTOVON DEDICATED SWITCHING L3H. L4V

CROSS liAR SWITCII 3041306 WESTERlI £LEe_ IIIR£ AUTOVON DEDICATED SWIlCIIINIi L3H. L 4V

TELEI'IIONE ((NTRAL OFf ICE AII/fTC-ll PlIlLto . HCTRONIC THrPllOHE SWITCilING. Ll
POIIE R SUPPLY GROUP OP-5/fTC 175(691 5)(21

1124l
272(600. PER/IAIIENT IIISTALLATION. Ll

(OIIlROt GROUP OK-9-fTC 1151691,5]121
11

24 1]6 ]00 UHf ulm EACII OF EACit GROUP FOR EVERY lOll LINES Ll
SWIlClIIIIG MAIRIX GROUP OA-6111llfTC 115 69 5] 21 1 24 250 550 (EXCEPI SlIlTtttlllG llATRIX GkOUP IIIIICH RE~J1RES Ll
R[PEATER-REGENERATOR GROUP 0A-1l182/fTC 115(69 5Jt I 241 ll6 300 ONE UIIIT fOR lACIt 50 LINES) L3
IIA1N OISIRICuTlON fRAIIE 175169 5] 21 IF4 91 200
AIARH-rAUl T INDICATOR Ol-IJ5/fTC 15 6) 25 10 041 1] lDI

THEPIIONE CENIRAL Off ICE tN/lTC.l6 ~TE mVAN'A 210(831 220 13 2640 HClllONIC HlEPllOHE SllllelllNG: RlLOCATABLE L4V. UN
POIIIR SUUSYSTHI f-:~ (07) WI (5Ull1) ItISTAllAIIOII IN S-200 SIIEL1£R. IRMISPORTABLE 8Y L4V. LlH
OPERAIOR SUOSYSlCM RUCK OR IIELleOI'IlR . L4V. UH
•CflMHOII CUNIROL SUOSYSlEH 00 011 600 L1NI (UNf IGURAIIONS AVAIlA6Lf. L4V, LlH
NlllIORK lERHIHAL SUBSYSlEM

ELlClROIUC Sllllelt ~STERN ELfe. lEORONle THEPIIOIIE SIIITCIl, ESS·III'E L2

I
~EmRN fLEC.lEl£fllOHE SETS TA-l41/TT WIRE/4 IIIRE 12 KLY DESK SUS Ll

SIIIlCHIIOARO COftSOLE AH/GCC-ll PIIILCO 155(611 112(441 02(401 WlTellllOARD USED Willi AN/flC-)1 L2

BAllERY PUllT 1050, E ~ES1£RN flU, 107(421 58(23) 6(141 !lAHERY IfITIi IlECTlflER • POWlR SUPPlY fOR LS·
ELEPIIOHE SWlTelllllG

klLTIPLEX EIlII'PMlNT

~LTIPLEx[R TD-1192 ITRW, IIIC. AHALOG TO DIGITAl COHVENT£R -·HUlTIPLEl AHO LlAN/fRC-ga IDHIILlIPLEX 4 IJll MlAIOG VOICE FREQUENCY
ilLTJPLEXER TO-1I9]

r"~
TILL IN IlEVllOMNI~L STAGES L3

blGITAL CONVERTER eV-lOl4 GNAVOX 9(3.5) 44(11.51 1(16) 6.6(191 OICE OIGITIHIl, REGENERATIVE DIGITAL REPEATER U

n::>EACN OF TIlE 4 SUBSYSTEMS CONIAINS IlANY C~ENT5, [ACII IIIllI AN INDIVIOll PART flJMllER.
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TABLE A-4-1. (CONTINUED)

•I...
VI
00

EQUIPIlUT ASSDlBlIES/ MODEl. TYPE.
DIMEII$IDNS

ESTIMATED FRAGILITY

S18-ASSIMIL IES OR AN/ lID.
MANUFACTURER HEIGIIT- IIIDTH- DEPTH - I/E1G1IT- PART DESCR IPTION I USAGE THRESH)LD l£Vn

fM (IN) CIt (IH) CII (IN) KG (La)

TREVISION fOUJPl'I£1IT

CLOHD ((RCUH TV CNlEAA 6~0 DAGE CDI•• 1'(6) 10\,4) Z'(lD) Z.1(5) RECOIlOING OA TAANSMITTING VIDEO PRESENTATIONS U

CLOSED CIRCUIT TV IGlITOR lINCA' CONAAC 20(8) 20(8) l6(l4) l.6(8) PRE·RECOIlOfD OR IN·~LANT VIDW PRESENTATlOIIS l2
OR SURV£lU NICE

VIDEO TAPE RECORDER YTPJ10 CONCOAD 18(1) 36(14) )J(ll} 18(40) RlWI!UINli UNIl fOK VIPEO PLAY~IICK T""£S l }

AUIOI1IIT IC OIlTA PROCESSING
l"@TPH£NT

CENlAAl PROCESSOR 6060 IKlItEYWEll 0l(8l) 111(61) 74(29) 566 PROCESSES SOfTWARE INSTRUCI IONS· COIHlNICAlfS l2
(1250) ONLY WIlH SYSTEM CONTROllER

REHOI£ TfRMlrtAl l"lfRfACE DATA NET l55 01(01) 265( 113 14(29) 954 I"IEKIII[[ UEIIIUM RIKJ1E 1£K"INIIL5 ANP CEMIRAL lZ
(2100) PROCESSOR

SYSII.I4 CO'HROlllR 6060 194(16) 05(34) 14(29) 366 PN'IVIDES CONIROI Of AND CO'I-IJNICAIIOII 8ElWEEN l2
(650) ACTIVE SY511n I1llIlUUS

LINE ADAPTER l5S 194(16) 121(50) 14(29) 366 fIlR OAIA NET 355 lZ
(65U)

CARD REAOLR AND CONTROL CRl201 ll(54) 102(40) 19(31 I 1116 RLAUS I'IINCII[O CAROS fOR IN~UT T1IROUGII TilE 13
(8SU) I/O t'Allll PI[ UR

CMIO PuNCH AND CONTROl CPZ 201 37(14) 112(44) Ilo(l I. 5 1U6 NIGII S~(fO CAllD OUTPUI OIVllE DIREULY l3
(850) COllNLCllO 10 I/O f1Ul T1PlUER

PRIHTER PRT lOI 11S(5l) 160(6)) 1I4(4~) bll) 111';11 5~HO PANR (PRltllED) OUll'UI DEVICE l2
(1500) COIINLCHD YO I/O t'AlLTIPLULR

PRIHTER CONIROllER PAllPI 155(61 ) 115(45) 18(1I ) 453 SI pAIlAH UUFfLkEU CONIROl fOO PIlT 301 LJ
(1006) PR INHR

MACHO IC TAPE DRIVE tITH50l 166(65) 16(10) 16(30) 340 I1I\GNlTlC TAPE READ (WRIll uN11) l2
(750)

IAPE ORIVE CONTROlLER MTH501 128(~0) 131(55) 10(21.5 518 CO/URGlS ACTIVITY Of ,tAGNErIC TA~E READ/WRITE 12
UNIT

OISK DRIVE 05S190 ~7(J6) 56(22) 129(51 ) 311 DISK PACK REAO/I,jl(ITE UNIT· 19 READ/WRITE 13
(100) SURfllCIS AVAIlAOLE

DISK DRIVE CONlMOLl£R DSSl90 126(50) 1J1(55) 10(21.5 450 CHNIROlS ACIIVIH OF DISK PACK READ/WRITE UNIT lZ
(650)

COIlL I\EI'IORY TYPE 655 194(76) 74(29) CLNIRAL PROCLSSOR M£llOIIY l2

INPUT/OUTPUI MuLTIPLEXER 6060 HDNfYWUl .01(81) 1.16('6 15(29 ) 522 HORED PROGR~ DIVICE CONTROLLED BY AND 12
( 1150) StlllklNG MLNORY WITH PROCESSOR
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TABLE A-4-1. (CONTINUED)
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t
EQUIPMfNT ASSotll HSI I()o[l. TYP[.

DIMENSIONS
MANUFACTURER PART DESCR IPTIDN I USAGE ESTIMATED FRAGILITY

IlEIGIlT WIDTtt - PEPlll - WflGIlT- THRESf«llD LEVELSIII-ASSUlIlHS DR A", NO. CH flNI CM (IHI CM IINI KG (LBI

C."TO fQ!JIPMENT

fNCRIPI·DfCRIPT UNIT TSEC/KG-13 U> f:::= lEI GENUAlOR INHRMfOIAlE SPUD 24 BAUD 1.8
Rflfl VE AND 1MAN~1T

TSfC/KG- J4 L8

TSEC/KG-81 CkYPIO rOR USf 111111 IP·II92 IIJlTlPLUfl\ L4

THC/KII-' CHIP/O UNIJ - lOW SPEED'S BAllO RHE IV[ L8
AHD TRANSNI1

TS[C/KW- 26 UIPTO IINIJ • lOW SPEED - 15 BAUD RECflVE L4
OR TllAHSI4I1

ISEC/KY-) WIDE bAND fNCRnTiON - SO K81lS RlCEIVE L8
ArlO TRAI/SNIT

TSEC/HI-ll A TO 0 COIlvurU - '.6 K8IJS - RlCflVE
AND TRAltSHU

IECNNICAl CONTROL [QUIPMENT

Sf UNln TMII· 5805-661 PATA PRODUCTS 12 J2 J7 2.J L4
INC. (4.15) (1.25) (u.S) (51

CIRCUIT CONDITIONING UNITS PA TA PRODUCTS 49 44 l3 4.6 12
INC. 19.25) (I' .5) (5) (l D)

LINE AIIPlIf HRS lllA-J iJAu PRODUCTS 11 J2 31. 2.J CllNPENSATlS FOil L1Hf LOSS INCURIiED OUIING L2
INC. 14.51 (1.25) ( 14.5) (5) TRANS" ISS ION

AEI4IlTE ALARM UNI TS AlH-J !>IllMA. INC. 9 4B IB 2. ) SISTEN ALARM AND fAULT INDICATOR L2
(U) (19) m (5)

AUlOU At AllM AlH-J IiTHNA. INC. AlARM AND SIST£M fAULT INDIUIOR l2

t> INFORMATION ON MTNORIUD NANUfACTUAEIS ArD DINENSIONS 10f CUPTo EQI."PMfN1 IS CIASSlflEO
I

I I I I



TABLE A-4-1. (CONTINUED)
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EQUIMNl' ASUIIIL uSI IIOII(L. nPl. DIllE"5 lOllS ESTIMATED FRAG IlilY
SlII-ASSOlIlIlS 01 AlfI ICI. MANUFACTURER HEIQtT- IIIDlIi ~ DEPTH- 1"~IGlIT-- PART DESCRIPTION I USAGE THRESHOLD liVEL

CM (IN) CH (IN) CM (IN) kG lUI

MESSAGE PROCESSING EQUIPMENT

CENTRAl PRI)((S~ING UNIT 1/CJO/60 1JIl1V~ 161(64) 163(b4) 6b(26) ~21 PROCE~SES SOfTllARE INSlRUCTIONS; DIRECTS L2
(1160) ACTIVITY OF PERlI'llfRAlS (DISC, MG. IAPE)

TAPE STORAGE DRIYE UHISERYO 16. 163(64) 15(29.5 12(28.5 440 ~tI\GH£T IC TAPE/READ/IIR ITE UNIT L2
TYPE 0862 (91S)

TAPE fILE COHTROll£R TYPE 5011 163(64) 95(11) 66(26) 118 CIlHIROlS ACTIVITY Of IWi. TAPE 1I
(l00) Rl:AD/WRITE UNIT

DISC SIDRAGE DAlY( TYPE 8425 102(40) 16(lO} 61(24) 1118 DISC PACK READ/IIlIH UNIT (IIAtiDlES L3
(415) la-LEVEL DISCS)

DI~ fiLE CONIROll£R TYPE 5024 163(64} 95 Ill) 66(26) ll8 l'IlOVIDES AC POlI(R TO DISC DRms • CAN L2
(l00) SERVE UP TO 8 DISC DRIYES

CARO RUOER TYPE 0116 109(43) mlS4) 83(32.5 'IIl6 CARD H(AIIER-UP TO 1000 CARDS/HIII/TE l3
1850)

PRINTER TYPE 0168 148(511) 132(52) 81(34) 635 IlIr~1 SP((II PR INTER L2
(1400)

INPUT/OUTPUT wllln TYPE 3024 163(64) 122(48) 66(26) l49 lI11lRIACE HETI/H" I/O PERIPIlEIlALS (DISCS. L2
(1l0) MG. TAP£. ETC.) AND PHOCESSOR

SYSTEM COIlSOlE TYPE 4014 136(53) 112(44) 11(28) 284 OI'ERIITOII CONSOlE TO DIRECT I/O OPERAIIONS 13
(625) AND 01 ~PlAY SYSUH PROBLEMS

(0II5OI.E PRINTER TYPE 0112 116(42) 86(34) Ol(JZ5) 161 PIIOVWE P"INTOUT Of SYSTEM OPERATIONS. J08 L2
(400) IUtOERS AND JOO STATUS STATEMENTS

POWER CONTROl CABIIlEJ TYPE 3024 163(64) 113(66) 66(26) b1~ DIAGNOSTIC CINTER fOR INIEMNAl SYSHH L2
( 1365) MUUN"IOMS

STANIlARO R£llm TERIIllIAl. IIIUSCOPE 200 33(1l) 46(18) 70(2)) 41(91) RLKOH T1HJ1INAl fOR ACC(SSING CENTRAl LJ
PROCESSINfo UNIT - JOB SUBMITTAL

TElETYPEWRITER /UEl 40 TELETYPE 41(19) 41(11) 64(25) 12(10) SENU/H(CEIVE HYROARD lIND DISI'UY L2
CORP.
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TABLE A-4-1. (CONCLUDED)
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t
lUUI~MENT ASSEHBLIESI

SIJl-ASS£ltlLIES

MOOEL. TYPE.

011 ANI NO.

nrMrN~IONS

MANUFACTURER [IIUGlIT IWIOTII lorPTII IWElGIlT
CM (lNI CM (IN) CM (IN) KG (LBI

PART OESCR IPTION IUSAGE
ESTIMATED FRAG IlilY

THRESHOLD I£VEL

RADIO EQUIPMENT

RADIO RICElV£R AN/GRR-24 In 8,9
IJ.5)

40.5
(19)

34.5
(12)

10 (22)1 SINGLE CllAflNEL GROUND-TO-AIR U/IF RECEIVER 13

RADIO RI(E1V£R

RiCE IVIR

OlMOUULA lOR-DATA CONVERTER

COII£ SHECIOH

HlII'RlhlER

TOIALS W-"

AN/fRR-ll

R-IJ95/tR

KD·1611/fR

C-6941/FR

IT -SI3/FR

WE sTl N(,IIOUSE

\ij (1)

I] (5)

13 (5)

1911(10)

40 (19)

411 (19)

411 (\9)

24(9.5)

2J4(9l1

55(2I,Sl l2 (10)
55(21.5

21(10.5 14 (lO)

66(26) 1901
( 1990)

1(C£lVER TUNED TO ACCEPT TRANSHIS,SION 14-60 Kill

VATA CONVlRSION FUR ~R\NTOUT OY HUPRINHR

INHRfACE U/W,.Rf[UVE SYSTfH AIm CRYPIO

PRINIOUT f1U1H OIGIT/Il INHRFAn

IUTAL S lOll A ((Jf1PUl[ AN/IIlR-l1 INSTAlLATION

L4

l4

L4

L4

LARG£ srRllN PROJLCTIOH
rgUIPHf'!!,-

LIGI11 VAL vE ~ROJICTOR PJ6000 GENERAL IS6(22)
HECTRIC

43( 11) l1(JO.S) 59
( 1l0)

l.\llG[ seRHN llUVISllJIl PROJECTllJIl, SINGH
r~JN. SEALED L1GII1 VAL YE

l2

IMPROVlO 1111 Rr,E NCV liE SSAGE
AlJl(~IAnCiRAlf~ll1 S'S'fOH-sill£M
l!H~·.T~nSllf.!J'!1[hT~---

I HhMIML I'ROlISSING UNIT

l
, MAS TLR OISPLAI CONSOLI

PRINIlR

OPlAATOR'S COhSOlE

5l AVE UI5~LA' UlIIT

PAPIR TAPE READlR/PUNCH

MAGNETIC TAPE UNIT

CARD REAlllH

i?> BURROUGIIS 211
(841

II
(2111

46
(18)

16
(30)

51
(w)

JO
(12)

l~

(10)

II (28)

102
(401

66
(16)

11
(20)

122
(48)

66
(26)

51
(21 )

53
(21 )

11(281

9\
(36)

104
(41 )

11
(2ul

16
(10)

61
(241

]5
( 141

51
(2U)

66(26)

52\
(lISO)
21'
(60)

45
(100)

~I

(200)

IU
(40)

21
(SO)

21
(5U)

411(105)

MESSAGE PROCESSING· COhTAIIIS I"TlRPRETER,
DISC DRive. 64K IIlHORY. POllER SUPI'LY

CONSOl E fOR DISPLAY OF INCIIIING/OU! • GOING
:tesSAGfS - OESK TOP

100 LPH PAPER PHIN10UT - DESK TOP INSTAlLATION

f1lJOll STl\IllIl/lr. COIISOLE • TO OII(E[T PERIPlilRAL
qPEIlAT lOllS

cln VI5PLAYIfIG OUI'UCATE OF MESSAGES
APPI ARIIlG ON III\SlEk DISPLAY

I'AI'ER TAI'E UlAD/lnllTf ONIT - DESK TOP OR
!IUAUlN I/lSlAIJAllON

III\GNlTlC IAP( RlAO/URITf UNI!

100 CAllII/HINUIE RfADER - O£SK lOP

l3

Ll

l3

l3

13

l3

l3

l3

II> TOTALS FOR AN ENTIRE An/FRR-71 INSTAlLATION.
Ii0TUE eORllOUGilS COil'. "ILL IE IIELUSING TRUE ItODEL NIIIBUS 1111111. TIlE .EU roull ilEUS.

- I I I I I I



FIGURE A-4-1. COMMAND COMMUNICATIONS EQUIPMENT TOLERANCE LEVELS
;
UI

J.
UI

t

1000100

FREQUENCY, Hz

10

I I I
Q = 5 SHOCK SPECTRA

L8

L7 -

L6

L5

L4

'~
L3 -

L2

~ Ll

I I I
- . - --

u.s. Army Corps of Engineers

10

1.0
1.0

100

C1

1000

w
Vl
Z
o
a..
Vl
w
0:::

~
~
w
a..

,..
I..
t





A-5. Shock Testing for Emergency Oper
ating Centers In Albany and Okla
homa City.

A-5-1. Albany.
a. Suppliers of equipment to the emergency operat

ing center (EOC), which is designed to function as the
alternate seat of state government in Albany, were re
quired to certify their installations for shock resist
ance or provide suitable isolation (Rempel, 1967). The
standard of performance furnished by the owner was a
trapezoidal response spectrum. Peak vertical speeds
and displacements in this spectrum were just under 20
in.fs and 5 in., respectively. Maximum vertical and
horizontal acceleration were taken as 18.8 g. Although
peak horizontal speeds and displacements were some
what less than the values for the corresponding hori
zontal parameters, equipment was required to meet
the same standard in all axes. The two hammer-blow
machines (LWHI for lightweight and MWHI for medi
um weight equipment) were used for the bulk of the
testing. The Air Force drop test (VDMl) supplied some
of the data.

b. For items not suitable for attachment to the
standard testing machines, shock tests were impro
vised. A heavy, bulky motor generator was put on a
railroad flatcar and rolled into stationary cars to pro
vide a simulation of horizontal shock motion; the two
ends were then dropped individually onto wooden
blocks to give vertical shocks.

c. In some cases shock testing was done to help the
design of isolation, that is, to provide a known safe lev
el of impact below the expected maximum. Some sup
pliers could not certify their equipment above the level
needed for ordinary long distance shipment (which is
usually taken to mean a peak acceleration of 3 g) or
some other previously established peak acceleration.

d. A summary of the test results is provided in table
A-5-1. Table A-5-2 gives a brief list of equipment
whose manufacturers certified tolerance levels below
the expected maximum.

TM5~51-4

A-5-2. Oklahoma City. Somewhat similar re
quirements appear to have been laid down for the city
and state EOC's in Oklahoma City. Some of the results
appear in table A-5-3.

A-5-3. Conclusions.
a. Two noteworthy points emerging from the test

documentation connected with the three EOC's
are: the ruggedness and suitability for hard mounting
of much equipment ranging in size from lighting flX
tures to 100 HP motor-pump sets; and the possibility
of modifying equipment as deficiencies are found. Al·
though the diesel generator was fairly seriously im·
paired during testing, the source of the failure under
such loading was easily located and removed. The mo
tor controller cabinet showed a resonance at 9 Hz, but
the structure was simply modified so that the resonant
frequency became 25 Hz (which frequency was more
amenable to testing). Various mounts that broke under
test were strengthened.

b. In contrast to the military tests of a fan reported
above, all the fans in tables A-5-1 and A-5-2 passed
the tests applied, one of which was a severe hammer
blow.

c. As noted in the tables, there are two or three
items for which the lack of strong low-frequency com·
ponents in the test motion to simulate the strongest
likely ground·transmitted motion might easily be im·
portant: the two waterchilling systems, a 10-ft-high
electric distribution panel, electric switch gear assem·
bly, and a 9-ft-high motor control center. There may be
other items sensitive in this way, such as the 7 by 7·ft
air filter and possibly the large motor·pump sets, the
two components of which are ~nnected by a long,
relatively thin shaft.

A-5-4. References and credits.
Rempel, J - R. Ground Shock and the Contents of Per
sonnel Shelters Resistance of Human and Inanimate
Contents ofHardened Shelters to Nuclear Induced Mo
tion. Menlo Park, CA: Stanford Research Institute,
Nov 1967.
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TABLE A-S-l. SUMMARY OF SHOCK TESTING FOR 1IlX, ALBANY, N.Y.

Oncdption of Equip-eRt I Size Manufacturer/Manufacturer'! Desill:nat ion Description of Test Result Comment

1. Annunciator I 3' ); 4' II: 1/2' (1) Panalar- Division of
Pancllet, Inc .• 5kokie, 111.

lb:Iel Sl27 (llS v DC)

LWHI. 11" drop. side to $lde. 25 II max
5-1/2" drop, front toback, 19 g ..x
19" drop. top to bottom, 80 II: lIax·

No daaage or operational impairment Test Ildequate for airslap and probably also for
all c01I.ponents of ground JIOtion since equipmeJlt
is small

2. Amwnc:lator , A,5 above Panalam Oivi!llon of
Panellet. Inc .• Skokie, Ill.

Model SH6 (US v ,6£)

LWHI, 11-1/2" drop, side to side, 19 II: .ax.
9" drop, front to back, 28 II milK
22 " drop, top to 1)OttOIll, 19 It lIall

Paft.l Ught ope:rlitio-n unimpilired
Mechanical damag.e: 3 indicators fell off

As above
Mechanical damage not serious

3. Auto Roll Unit with Electric Motor I, 1I0 v
(Air Cooditionilil Equipment) 1 •

'" 5' x 6' X 2'

4. Batteries (l) Ni-Cd I IS" x IS" x 6"

EIII!-ctro-Air CleAner, Inc.

Nih. Inc., Copiague. N.Y.
K:IlI ~2S

MWHI. ~: ~~~;} 100 g rna., vert. only {'/']

LWHI. 12" drop. Y-axis I
3" drop, X-axis 20~ i max
3-1/2" drop. Z-axis

Base of filter driv6 motor brot.e:
otheI'llli""ll no dlllllsge

No damage

Because of ""i;z;e, equipment lIay have low rlodal fre
quencies; tes'!: probably inadequate for strong
ground-transmitted motion

Why do 3" drops produce sane acceleration of same
equiplllent as 12" drops'/' Doubt peak g me8sure
JIIent applied to whole equipment.

5, te1ltrifuaal Pan I 2700 Ib

I$15 Ib

1115 Ib

8S0 lb

250 Ib

Bayley Blower Co .• Milwaukee, Ifi!l.
Model Be-Ttl

Bayley Blower Co., Milwaukee, Wis.
Model BC-UB

Bayley Blower Co., Milwaukee, Wis.
Model Be-Ttl

Bayley Blower Coo, Milwaukee, Wh.
Model flC-UB

Bayley Blower Co., Milwaukee, Wis.
lob:Iel Be-UB

ROiling table for horizontal test; speed
not reported

Drop for vertical, height not reported
7 g max (?), both axes
IHreH drive lTIechanicaJ vibrstion lIachine
7 g max, 3 axes

Salle as abov(I

Salle a8 above

Safle as above

No damage or operational impairment

Same as above

Same as above

Salle as above

Same as above

From data given, adequ8cy at test not conclusive.

Same as above

Same as above

SlIIlIe as above

Same as above

6, Centrifugal Pu.p and Hotor total weight 1650 Ib
overall length .....5'

60 hp, 1750 rp1I

3 +. 6011:1;

Al~eih~~~~~:4~~~~waUkee, Wi.''I. I~~i/{;r and 2.25' drops, vertical

Si'Ze5x4TupeSJ

Allis Chalmers, Norwood, O.
HEMA Oes. B Type AP

No operational impairment
Weld cracked open on mounting foot

Vertical modes probably adequately tested for
airsillp

7. Co~es.or and Motor

II. Converter (Heater)

3-1/2" x 2-1/2"
3/4 hp

1750 rpm
11S/2300 v
I +. 60 Hz

150 pd, 3750 F
6' x I' dia.

Quincy Compressor Co., Quincy, 111. I LWI-lT, 20 g peak, all axes
1\4-377955

Century Electric Co .• St_. Louis, Mo.
CS-68-FHKJ-3FA

Ta~~2~;;~~~S Inc., Cranston, R.J. I ~~ ~:s~0t'~~t:/e~k:x~:rough 80 H;z;

No damage

Mounting bol t50 severely bent during blows
parallel longitudinlll axis

No operational impairment

Adequate for airslllp. probably also adequate for
all l1kely lIotion of this small equiplTlent

Probably adequate test for airslap. Behavior at
101<1 frequencies not established.

9. Dist.ribution Panel
(with Circuit Breakers)

10' X 4' x I' (1) Ge~~:~ ~l~ct-riC Co., SchClnectady, N.Y. I MlI'HI, ~:: ~~~~: :~~:~c;~. g2~a~taXI
6" drop. back. 22.S g max'!

No damage or operat ional Impairment This large equiplTlent should be tested for
resistance t() ground-transmitted 11I0tion also

(EqUipment had slight IM)dlficatiofis for shock service.)

10. Dhtribution Panel
(with Circuit Breaken)

5' x4' :x: I' (1) Ge~:~:: ~~~~~ic Co .• Schenectady, N. Y. I t-IW1lI, ~:,3~:~p~r~de:e~6i;Il~I~~. 5 g maxt

6" drop. back, 22 g maxt

S'Ule as 8bove Same as above

Device 85 lllOdified /ldequately tested for airs lap

Probably adequate test for this equiJllllent except
for possible swing modes in suspended ceiling
fixtures

No damage except to Bulletin Luminaire,
which ",ust be shock. flaunted

Heavy duty bulb required in 40 WRapid
Start

Frequency search

MJrHI. vertil:al or Z-4" d1'Op, n !l lIIax on
fixture

UrnI, horizontal or X and Y.......arious t.irops
4" to 13". 30.. g max

11. Ltsht Fixtures: General Electdc Co .• Schenectady. N. Y.
Li.htalanl Battery Charging Unit !'iI'402NCVA
Recened Downlight 4-601-' McPhilben
V-portite Ceiling Unit N_4J_45 VT McPhilben
V.portite Bracket. N-43-40 VT :McPhilben
Turniox Reflector Unit G-7642 Benjamin
Coapact Direction.1s SQW·6H NcPhilben
C~ct. Directionals SOE-6M NcPhilben
40 • llIpid Start Al Benjamin
Weatherproof K-449BI Simes
IlUlleUn Luminaire CPR ~lIrdian

Skylouver 2047 LPF-TS Elect-rolight ----f I
12. Motor Control Center 44" x 90-lIS" x 20-1/4" We!ltinghouseElectric Co., VOMI. Free fall into sand with maple blocks Angle clip holding control device panel

19001b St. Louis, Mo. as stoppers. 7_1/2" fall, broke; corrected by redesign
440 v operating Class 11-350 50 g max, vertical Tendencies for two breakers to trip on vert.
110 v control 20 II mllX, h()rhontal blow; corrected by choosing larger breahr

Tendency for lIomentary closure of breakers
on transverse blows; corrected with anti
shock latch

OtheI'lllise no damage

Equipment has t"requency at 9 Hz; changed to
25 Hz by redesign

LWitI • Uahtweilht high i-t>lct test. _chine NMiI • _edium weight high illlpllct ust machine VDMI • variable duration, lIedi~ illpllct ttlst -chine

A-167/A-168 (Blank)





Dl!l!lcription Df Equipnlent

13. !&Itors (Electric)
1800 rpIII

14. !-totar-Generator (Diesel)
4 cycl.e
6 cylinder
9" x 10-1/2" bore and s1:roke
900 rpm. 60

15. Motor Sentinel

16. Pane-lboards i

MS·E2·L!
MS-E2-L2
Control Supply
T61. CDb.
Tel. Cab.
Tel. Cab.

17. P~lnelboBrds!i

18. PUIl.p and Induction Motor

19. Pump Bnd Motor (Submersible)

20. ru.p ad Motor

21. SWitchaear As,lMIlbly
Hand-Operated Breakers
Low-VoltBle

22. Transforwer

3+. 60 ""

23. Waterchillina SySlNl

24. 'atert-hilling System

She

10 hp
15hp
2S hp
75 hp

40,000 Ib
S80 8hp
500KVA
i100KI'I

'1-3/4" x 2-3/4" x 2-3/4"
I I'

19-1/4" x 20" x. 7-1/2"
Same as above
Same a9 above
J6" x 18" x 4"
6" x 6" x 4"
28"x 10" x4"

19-1/4"x 20" x. 7-1/2"
24-3/4" x 20" x 7-1/2"
24-3/4")( 20"x7-1/2"
38-1/4")( 20"x7-1/2"
44")(20" x 7-1/2"
Same as above

Shp
1740 rpm
3+, 60 Ht

150 gpm
42 ft TDH

'hp
440 v
3+. 60 Hz

'0 ""4"

100 hp

34', 60 Ht
440 v
34S0 rpm

3 sections x 27" wide
4 sections x 20" wide

3 sections x 26" wide
.. sections x 20" wide

225 KVA

12.300 Ib
(dry)

30,500 lb
(dry)

ManufElcturer M,mufa<:turer' s [)e~i I/:l1l1t ion

Not reported
SK4256A21
SK42R4A.22

SK4:514A21
SK4405A2

Chicligo Pneumatic Tool Co., N.Y .• N.Y.
69-CPHS

Westinghouse Electric Corp., Beaver, Pa.

Westinllhouse Electric Cn.,
. St. Louis, Mo.

Westinghouse Electric Co .•
St. LguJ:;, Mo.

CCP
PH-PE2
OCE-2
PH-PA
CCA----oection ~l

CCA-6ection 11"2

Continental Electric Co., Rockford, 111.
Wv 2lse

Food Mach. & Chem. Corp., Chic.ago, Ill.
LM:-4

Franklin Electric Co., Inc.
Model 3PI078B4D

Peerless Pump Division
Food Mach. Ii Chello. Corp.
Indianapolis, Ind.

Model 420D200

Buffalo Pumps, N. TonawannB, N.Y.

Reliance Electric !II Engineering Co.,
Cloveland, O.

(jeneral IHectric Co., Philadelphia, Pa,

AKD-5 I
AK-2A.-50 h-reakers
AK-2A.-25

Am
AK-2-S0 I
AK-2-25 breakers

(jeneral Electric Co., Schenectady, N.Y.

Borg-Wlllmer. Yorl:, Pa.
.HT_24

!Iorg-Warner, York. PII.

"'''

TABLE A-S-l. (CONCLUDED)

()escriptloll of Test

All dropped 6" in normal position onto '1teel
plate:
189 g max through 2S Hz low pas9 fitter
llOO g max through 2000 Hz low pus filter

For horizontal toler!!.nce motors TIICIuntoe.l on
challnels, which were wheeled into shod
mOllnts on wall; 1 g mll~ through 2!> Jlz lnw
pass filter both horiznntal directiolls,
20 in./sec speed change

RR car impact, 12 MPII, 7 ;: ma~. longitl,dinal
and tran;ver5t"

23" free fall at. motor end only, 6.6 ~ max
19" free fall at generator end onty 7 i.max
Oure.tion of decelnnition I to 2 sec

VDMI, free fall into sand with maple hl,>ck5
as -stoppers. 13" free fall, 50 g max,
all ax"..

VDMI, free fall into sand with maple bJ,'ch
as arresters, 50llpeak, Iillllxe5

VOMI, free fall into sand with maple blec"- ..
as arresters, 2S g peak, all axes

MWHI, drop hei ght not reported
6 to 8 g max-J through 80 Hz low pass
fil ter. 3 axes

LWI-II, drop not reported
~O to 23 g Illax!" through .sO Hz low pass
filter. 3 axes

MWI1J, ~:~~: ~;~ ~ ~~~t~c:~x:mlY (?)

MWHI. 4" drop, 40 g max vertical j
20 g lIlax horizontal

MWHI, 10" drop, 100 g max, vertical
SO g max, horizonul

MM-II, 5" drops. 2S to 17 8. peak

Free fall onto springs,~

6_7/8" fall, 13/16" spring deft.
7 g MaJ:, vertical

PendulU/l1 swing into springs,'"
63" to 10" swing, 9/16" to 17/16" spring
defl., 7 g max both horl zontal axes

Free fall onto springs,A
6-5/8", 17/16" spring def! .• 1 Ie lIIax, vc,-t.

Pendulum swings into springs,fl
66-1/2 to 70-3/8 swing, 9/16" spring
den., 7 g lIax both horitontal axIS

Result

No damag~ nor operat ;"",,1 11ll]>lIir"'''''t

OVerheating due to fouled lulle line (impflct
loosen SCflic and "'cld splatter); corr".,ted
hystainlesssteellineand c1eanin;:

Gage glass 100sene&'t1ot disabling
No observable pennanent bending or les ..",ning

of clearances

No damage

No d[imuge; no fal .. " openinJ: or closing

No damage; no fal .." opening or closing

No damage or operat ional impairment

No damage or operatiomll impairment

Performance unaffected
Slijlht increase in ml,'!chanical unbalance

in pump (1)

No damalle, closed breaker.. may open
above 15 g

No damage

No damage nor operational impairment

Salle as above

TM'....,.-4

Comment

lIoriwntal list.s han'ly ,uJeWlate for airs]lIp hut
f'qlJil'm"nt prohably withstands all 1 ikcly gro"nd
motion

r.ood te"t ror airsl<lp <It '''25 psi, probahly nnt
""Vere enough for 50 psi or for ~trong g"""nJ
transmitted Oll1tion in all environments

Adequate for airs lap, prollahly also adequatp. for
all likely motion of this small equ;pm"nt

Tests probably adequate for both airs lap and
strong ground-tr'In1'lmltted motion due to small
sin' of equipment. Should aho he te"ted ill
racks.

SaJIIC as above

Reao;:tioo tu frequencies below 20 H~ may not have
been adequately tested
(Shape of equipment: cylindrical ,,5' x 8" dia.)

Test not qui te adequate for alrslap abov!" 50 IiI

Probably odequate for thls equIpment
(Pump .. i.e "'36" :.. 4" dia.)

Because of rotational synmctry of equipment,
vertical testing prohahly enough

Adequacy of test below 20 to .'0 Hz doubtful
(Equipl1ent prohably hils frequencies below 30 liz)

Probably adequ8l8 for airslap only. Callinetry
may have low frequency responses not explored

Probably adequate test for this equipment

Not enough data to detet1lline adequacy for this par
ticular equipment. but test lIlotion does not prop
erly simulate either airs lap or IP'OlJnd-tr...nsmitte<l
motion; fragility level not established; this
l.arge equipllent probably has frequencies especiallY
susl,eptible to strong ground-transmitted Illation

Same as above

Noasul'ed at anvil; other readings on equipllent

tLocatiQn of accelerometer not reported.

ipanels were attached to shock platform tllrough cup~ounts made by Barry Controls, Inc., Ca,. Nos. 1010, lOIS, 1035.

"'vibration Mountings, Inc., Type SYA-20, 24,100 Ib/in., 4 used with iii' 24,8 used with NT 25.
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TABLE A-S-2. NOMINAL FRAGILITY LEVELS USED FOR Eoe, ALBANY, N.Y.

•I..........

Ilt:sclIll'n ON Ot' t:QlllI'Mt:NT Silt; MANIJt'ACTIJlIUl1 STATt:O t'IHlill.ITY I.t:VHMANIWM:nIlU:tl':-; liES It;.

L III "weI' 92 I b Ilf'llllner Di v. ~U1""m 1"81,. I"". 109. '\ 11X~8 (., I
(garbage roum) W.I·'lS

2. CMbi"et, h)'dralllic jack 23' ~ 16" x 7" Not reported ~g.

lJ5 I b

;1- Calli net , motor control I er IIIU IL ~'",der Sill., CD •• lIamilton, O. "" :II!
"" 2H· x 13" x 14"

i. COtDpre &SOl' 156 Ib Hrunner Div. Dunham &.."1,, Inc. 109. :I ax"" (.,)
(refrigerated garbage) WC·SO-Fe

S. Ui lIhll<uher 1000 Ib Toledo I,g. ., axr.s (" I
(inc. wnt.. r) TI\·27

b. lIydl'olul i I' .i ack Ih tllll clI ..aci ty Ri'cha I'd lllldBeon ('~) > 18.lIg w/J"c", ,1",,,,,1 ""d 1... ·k"J
l~" 8li l door) 4U" lItroke < 18.8g w/d"",. "pcn

·tt,5 Ib

~ Ilyd I'lIU J i C \lUIIlP 1)97 Ib Not r"I'0rted :ig.. """ 11" I 22' x 37"

J. I'lIrge ClIllIl'r"8"or 120 1b York :: l. 7g vert.
11" x 11" X 1111.,'

--
Y. IliJdi"tor 2100 III YIIIIII~ lIadi alor Co. :1. 'lg, I a. "s (.,)

8·10 I'l'm 010 1'1 I·I'lll

H!. B,,"ge (electric) 390 1b lIot I'0illt 3.'l". i 8Xf·s ('I)

model IIRG 13

11. lid',. igcl'IIlur "lid "" 1001l Ih Viel"r, Metnl \la,,". C.... 3. .if(. \ ax,·,") (")

f rct. Zt:r (1uad"d) mocic VS-411·:-;
mild!, I \If'S- Ul- S

;
'"•t
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TABLE A-S-3. SHOCK RESISTANCE CERTIFICATION FOR CITY AND STATE EOC'S,
OKLAHOMA CITY, OKLAHOMA

i

!

Il~, SCllIl'T 1I1N (Jt' Sill:. Mi\NUF'ACTUnt:RI UI::Snlll'T\ON Ot' n:sT IIESUI.T COMM~:NT
t~llIII'Mt.NT MANIIF'ACTUIU:H'S DES 1(i,

1. Ai I' t'i Ite I' 7' I 7' Ameriun Air Fi 1tel' Co. M'HI, 1.25' drop. No :r.erational impairment Probably an adequate
LDuiaville, Ky. 3" tilble travel Sli It modification of test even though low
7-70 Roll-o-matic 2.25' ~rup. atructure required frequency response
1lI0del B 1.5" taLle travel not explored

2. Fun w/elp.ctric I:WuO cCm American Alower Corp. MMII. 1.5',2.5', Required atronger mount Probably an adequate
mutor 1650 I b Detroit 3.5' , 4.5' , utherwise nu uperatiunal tes t even though low
(centri Cugal ) mode 1 no. C12A and 5' drops impairment frequency responae

not explored

3. 1\111.1' and. motor L' 717 11> Weal,inf7ouse VOMI No observable dama8e I~ak accel. dnring
(centnfugal) 10 hI' WS-l 7A-2 l~· drop into aand, (dye-penetrant teal tes t some"ha t. I.e Iow

model no. 3655 3 axes applied) maximum ~osaible in
7 wOHuen blocks as field ot erwiae com-

arrestors ment same as above

Ml\111: Medium weight hill" Impact leal alachine

\'JlMl:: vuial,le duratIon, Illedium impact teat ..achine
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APPENDIX B

DESCRIPTION OF COMPUTER PROGRAMS

B-1. General. Computer programs are available
for four areas relevant to the tasks of the shock isola
tion system designs:

-Wave form synthesis (par. B-2)
-Dynamic analysis (par. B-3)
-System optimization (par. B-4)
-Analysis of test data (par. B-5)

This appendix briefly describes the available computer
programs in these areas. Tables provide quick-refer
ence data such as program developer, language, sys
tem used, availability, and other specifications. It
must be noted that certain details of less important
programs were not readily available and are not in
cluded. However, the interested reader can contact the
cited sources for missing details. For further informa
tion regarding availability and use of these programs,
contact the U.S. Army Corps of Engineers, Huntsville
Division, Huntsville, Alabama 35807.

B-2. Wave form synthesis.
a. Program purpose. The WAVESYN computer pro

gram has been formulated for synthesizing a time his
tory to match a given shock response spectrum. The
wave form component selected as the basic element of
the synthesized time history is a sinusoid with an odd
number of half cycles and an amplitude that varies
continuously in time and is proportional throughout
the duration of the time history to a half-cycle sinus
oid. Table B-1 lists WAVSYN specifics.

b. Program features.
(1) Formulation techniques. The synthesis proce

dure may begin by filtering the time history from
which the spectrum was generated, if such data are
available, and defining the amplification ratios as
functions of frequency. Input data to the computer
program consists of spectrum frequencies and re
sponse amplitudes at which a match will be forced and
the number of half cycles in each frequency compo
nent to achieve the measured or estimated amplifica
tion ratio. The computer program then calculates the
element frequencies (not necessarily the same as the
selected spectrum frequencies), adjusts the amplitude
of each element so that the composite wave matches
the spectrum at the selected points, and generates a re
sponse spectrum of the composite wave form at inter
mediate as well as at the selected frequencies.

(2) Usability. The wave form synthesis technique
(WAVSYN) has been improved to include time phas-

ing of the wave form components. Certain constraints
on the phase relationship of the components are re
quired to assure convergence of the solution and prop
er matching of the spectrum. Based on a semiempirical
approach, rules for selecting optimum system frequen
cy ratios were developed such that deviation between
the spectrum generated by the synthesized wave form
and the required spectrum would be minimized. An
automatic method was added to the WAVSYN pro
gram to provide minor adjustment of the selected sys
tem frequency ratio and improve accuracy.

(3) Input parameters. Spectrum frequencies, re
sponse amplitudes, and control statements are used.

(4) Output parameters. Standard print/plot out
put is produced.

(5) References.
(a) Yang, R. C. Development of a Wave Form

Synthesis Technique, SAF-64. Los Angeles: The
Ralph M. Parsons Co., 28 Aug 1970.

(b) Yang, R. C. Modification of the WA VESYN
Computer Program, SAF-82. Los Angeles: The Ralph
M. Parsons Co., 30 Apr 1971.

(c) Yang, R. C. and Saffell, H. R. "Development
of a Wave Form Synthesis Technique-A Supplement
to Response Spectrum As a Definition of Shock En
vironment," Shock and Vibration Bull. 42, pt. 2, Jan
1972.

B-3. Computer programs for dynamic
analylis (table B-1).

a. [SOL. !SOL (Dynamic Response for a Rigid Plat
form Six. Degree of Freedom Shock Isolation System)
calculates the dynamic response of rigid-mount shock
isolation systems having six degrees of freedom, sup
porting rigid loads, and subjected to base excitations.
The program comprises several important capabil
ities: elastic-pendulum, pivoted base-mounted and
special types of shock isolation systems can be ana
lyzed; linear or nonlinear spring and damper element
characteristics can be specified; static equilibrium
solution of the platform system is obtained. Multiple
cases may be easily processed, and c.g.'s of the system
can be readily selected. An option is available to plot
the response time histories of all parameters.

(1) Formulation Technique. A finite element
mathematical model is used to describe the platform
and mounted equipment. The platform model uses
elastic elements between node points. Linear or non-

B-1
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TABLE B-1. BASIC SPECIFICATIONS FOR COMPUTER PROGRAMS USED IN ANALYSIS OF SHOCK ISOLATION SYSTEMS

...
~
VI

J.

t

Type I Code Name..
~ .. I WAV5YN
ILl!.~

> c
j~

Developer

R.C. Yang
The Ralph H. P.rsons Co.
Los Angeles

Year I Oeg of Freedom

1~70-71 INA

Manltn•• 1'" Capabilities

NA

Language

Fortran IV
and control
statements

System, Series

CDC 6600
Un I vac 1100
Sedes

Avall.bi llty

U.S. Army Eng. Dlv., Corps of Engineers
Huntsville, AL 35805

ISOl

151 P

ISOll N

SPECTRUM

FVOUS

The R.alph M. Parsons Co.

Spe rry Rand Spice Support
Dlv .• Huntsville, AL

Sperry Rand Space
Support Diy,

Spe rry Rand Space
Support 0 I v.

The Ralph H. Plrsons Co.

1~6~ 16/node

1~72 16/node

1~72 16/node

1972 INA

196~-70 16-rlgld bodies
14D-fl""lbl.
bodies

Spr I ng and domper I Fort ran V
ele.nt ch.rlcterlstlcs

Spring I.d damper I Fortran IV

Damping and stiffness I Fortran IV
coefflcienu

NA I Fortran IV

Line.r systems anI';' I Fortrln V

CDC 6600

CDC 6400

CDC 6400

CDC 6400

CDC 6600

U.S. Arnry Eng. Dlv., Huntsville

u.s. Army Eng. Div., Huntsville

U. S. Anny Eng. Olv., Huntsville

u.S. Army Eng. Dlv., Huntsville

U. S. Ar""l Eng. Dlv .. Huntsville

~

~

>-

l
u

1
~

151 P2

TRI/SAC

Spe rry Rand Space
Support Di v.

Agbablan Associates
E1 Segundo, CA
(bosed on SAP Code
developed under
E.L. Wilson, UC Berkeley)

1~71

1~76

140 for flulble
platform systems

6/node
mox DDF flulble

Fielltlbilityand Inerti. I Fortrln IV
!IIItrlces can be t.bl.
read-In (springs must
be linear>

Limited to bar elements I Fortran IV
(other .Iements elostlc),
Iny comb Init Ion

CDC 6400

CDC 6400
CDC 7600
Unlvlc 1108

u.s. Army Eng. Dlv., Huntsville

Un i VI rs I ty Softwa r. Sys tems
(subsidiary of Agbablln Associates)
250 N. Nash
EI 5egundQ, CA ~0245

STARDYNE

NASTUN

Mse/HASTRAN

Kechln Ics Re••• rch 0 Iv. ,
Sys tlms Dev•• opment Corp .•
Santa Honlca, CA 2500

CQlnputer Sc lence Corp.
f'lacN'II-Schwendler Corp .•
"'artln-Mar letta.
Bell Ael"'osystems

....cNe.I-Schwendl.r Corp.,
Los Angeles

1~72

(lotest
updlte)

Level
15.'·'~72
15. 5-1~73
16 -1~76

1~72

Stltlc enlly.;
Up to 2500 nodos
at 6 DOF each.
Oth.r: Up to
~~~ nodos at
6DOF

Lln••r ellstlc only Fortran IV

Fortran IV and
!IIIchine-speclfic
language

Fo'rtran IV

CDC 6600

IBM 360/370
Unl vac 1108
CDC 6400/6500/
6600

IBM 360i370
AMdahl s.rles
FuJ Itsu " series
CDC 7600
CDC cybar ser Ies
Unf ....ac 1100 serfes

Control Data Corp.:
All 6600 data centers

Computer Soft~re Manlgement
and Inform.tlon Center (COSMIC)
112 .Berrow Hall
University of Georgia, Athens, GA 30502

MecNell-Schwrend Ier Corp.
7442 N. Figueroa St.
Los Ango I.s, CA ~00lt I

Ind
Holt major comnerci..1 dlte centers



linear elements are used to represent the isolators con
necting selected node points to points of support on
the building and building motions are input at these
supports. A set of second-order differential equations
is solved iteratively using numerical integration by
simple finite differences to obtain the dynamic re
sponse.

(2) Usability. The mass points are limited to 50,
the elastic/damper elements to 50, and the points of in
terest to 4. The program is highly versatile for rigid
platform systems. Time is consumed calculating
spring and damping element characteristics and the
time motion history, which are assumed to be known.
The output data must be converted to shock spectra
form. !SOL is most effectively used for large motion
problems.

(3) Input parameters. These are the control state
ments, the system coordinate data, pendulum and/or
ball descriptions, spring and damper characteristics,
and excitation tables.

(4) Output parameters. Components of relative
displacement and absolute acceleration of the e.g. or
other point of interest are tabulated for each time peri
od.

(5) Reference. Development of Standard Design
Specifications and Techniques for Shock Isolation Sys
tems, Volumes I, II, and ill, SAF-37. Huntsville,
AL: U.S. Army Engineer Div., Corps of Engineers, 12
Feb 1970.

b. ISIP. The !SIP (Integrated Shock Isolation Pro
gram) program integrates several modular programs
into one package to make the shock isolation analysis a
continuous process. This integration eliminates prob
lems related to data linkage between modular pro
grams. A shock isolation system with a rigid platform
can be analyzed for its dynamic response automatical
ly.

(1) Formulation technique. A problem is executed
by selecting the required options from the modular
programs !SOLIN, NWVSYN, SYNSOL, ISOL,
PLTSUB, SPCTRUM, FILTER, and FOURIE.

(2) Usability. The program looks promising but
has yet to be confirmed for practicality. For the maxi
mum number of spectrum frequency points, the limits
are 14; for mass points, 50; for elastic damper ele
ments, 50; for points of interest, 4; and for input ex
citation table, 500.

(3) Input parameters. These are a function of in
put requirements for modular programs; control in
dices allow usage of modular programs or an entire in
tegrated shock isolation system analysis.

(4) Output parameters. These are also a function
of modular programs, particularly PLTSUB (the plot
ting module). Time motion histories are available, as
are plotted response spectra for mass points in the sys
tem.
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c. ISOUN. The ISOLIN program relieves the design
engineer of the tedious work of preparing input data
for the !SOL program. It includes computation of
spring/damper constants for static equilibrium of plat
form and equivalent weight, e.g., and mass moment of
inertia.

(1) Formulation techniques. These are the same as
described in the preceding paragraph.

(2) Usability. This is a highly versatile program.
The limits for mass points are 50; for damper ele
ments, 50; and for points of interest on a platform, 4.

(3) Input parameters. These comprise the control
statements, isolator system geometry, inertia data,
and engineering design parameters of the platform.

(4) Output parameters. Print/plot output includes
a plan view of platform; input data; load values, spring
rate, unstretched length, and damping constant for
each isolator; the isolator position to e.g.; the equiva
lent system weight; mass moments of inertia, system
frequencies; and a list of punched output for the !SOL
program.

d. SPCTRUM. The SPCTRUM (Shock Spectrum)
program generates a shock response spectrum from a
given acceleration-time motion history. It can use out
put from the !SOL program as input.

(1) Formulation technique. Input data are used to
perform a numerical integration by the linear accelera
tion method to produce maximum displacements and
accelerations at specified frequency points.

(2) Usability. This is program designed specifical
ly for computing the shock spectrum at selected fre
quencies. It will plot complete shock spectra on a line
printer.

(3) Input parameters. These comprise the control
statements, frequency range and intervals, accelera
tion-time data, and shock analysis constants.

(4) Output parameters. Provided are the maxi
mum displacements and accelerations as a function of
time and specified frequency points. The response is
plotted for system e.g. and four other specified points.

e. FVOUS. In the FVOUS (Evaluation of Response
of Linear Shock Isolation Systems by Use of Response
Spectra) program, the dynamic response of a linear
shock isolation system is calculated by using a modal
analysis method. The program will compute stiffness
and mass matrices for rigid body systems; frequencies,
mode shapes, and modal participation factors; and re
sponse motions for linear shock isolation systems.

(1) Formulation technique. A rigid or flexible
platform shock isolation system is mathematically
modeled by an assemblage of mass points and isolator
elements. Then the spring constants, flexibility, and
inertia matrices (for flexible systems), and frequency
table must be described. FVOUS calculates a dynamic
matrix for rigid body motions and response data for
both rigid and flexible systems in terms of relative dis-
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placements and absolute accelerations of each mass
point. The dynamic responses are computed by a nor
mal modal analysis, which sets up a "modal" matrix
and general energy equations to compute the final re
sponses.

(2) Usability. The program handles rigid or flexi
ble platform systems. Its limits are, for mass points,
100; for springs, 100; for degrees of freedom for flexi
bility problems, 140; for normal modes, 20; and for
points on shock spectrum, 20. FVOUS is effectively
used for small motion problems.

(3) Input parameters. These comprise the control
statements, mass data, spring constants, flexibility
and inertia matrices for flexible bodies with more than
six DOF; shock spectrum points; and frequency table.

(4) Output parameters. These include a printout
of input: mass, stiffness, and dynamic matrices for
rigid body motions; eigenvectors; participation fac
tors; response data in terms of relative displacements;
and absolute accelerations of the mass points.

(5) Reference. Development of Standard Design
Specifications and Techniques for Shock Isolation Sys
tems, Volumes I, II, III, SAF-37. Huntsville, AL: U.s.
Army Engineer Div., Corps of Engineers, 8 Jan 1971.

f· ISIP2 PROGRAM. Using a normal modal analysis
technique, ISIP2 (Flexible Platform Shock Isolation
Analysis) calculates the transient response of a flexible
platform shock isolation system to an input shock
spectra.

(1) Formulation technique. A finite element
model is defined using beams, nodes, and springs. A
platform stiffness matrix is formulated for the model
and then inverted to obtain a platform flexibility ma
trix. Nodal masses are used to define an inertia matrix
and moments of inertia about X, Y, and Z axes. Res
onant frequencies and mode shapes are then obtained
by normal modal analysis. Finally, the input shock
spectrum characteristics are used to compute the dy
namic transient reponse in terms of relative displace
ments and absolute accelerations of each mass point.

(2) Usability. The program handles rigid- or flex
ible-body dynamics modes and 20 points on a shock
spectrum. It is good for small motion problems.

(3) Output parameters. These include mass, stiff
ness, and dynamic matrices for rigid body motion;
eigenvectors; participation factors; and relative dis
placement and absolute accelerations for each mass
point.

(4) Reference. Integrated Shock Isolation Design
Manual. Huntsville, AL: U.S. Army Engineer Div.,
Corps of Envineers, Mar 1972.

g. TRI/SA.C. This system is a general-purpose digital
computer program for three-dimensional analysis of
structural systems using the finite element approach.
The analysis types available include static response,
dynamic response, response spectrum method, and a
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capability for the solution of certain nonlinear dynam
ic problems.

(1) Formulation techniques. TRIlSAC has three
executable programs: the proprocessor (pRESAP), the
main program (RSPNSE), and the postprocessor
(SAPOUT). PRESAP provides a 3-D plot of input
model, optimizes the bandwidth of stiffness matrix,
provides a 3-D plot of optimized mesh, extracts mode
shapes by Rayleigh-Ritz or inverse iteration methods,
and plots 3-D mode shapes and data tape for input to
RSPNSE. RSPNSE provides static response, spectral
analysis, dynamic analysis by modal superposition or
step-by-step integration methods, and certain nonline
ar dynamic analysis by step-by-step integration and
extraction of mode shapes. SAPOUT prints, punches,
and plots relative and absolute motions, stresses or
stress resultants, and shock spectra. The program uti
lizes one or more of the following types of f'mite ele
ments: 3-D truss, 3-D beam, axisymmetric solid,
plane stress and plain strain 3-D solid (brick), plate
and shell, boundary spring, boundary dashpot, and, for
inelastic problems, the nonlinear spring and nonlinear
dashpot. TRIlSAC solves all static structural probeIms
using the matrix displacement method of linear struc
tural analysis.

(2) Capacity. Code is completely dynamically allo
cated, thus allowing great flexibility in the size of
problem to be solved. Capacity depends mainly on the
total number of joints in the system. There is practical
ly no restriction on the number of elements or load
cases, or bandwidths of the equations to be solved. Ca
pacity of program can be changed depending on size of
problem to be solved.

(3) Usability. Flexible general-purpose structural
analysis program. Program options can be selected
based on type of analysis and type of information de
sired. Contains restart capability, which allows user to
terminate a problem solution at any point and then to
continue the solution at a later time.

(4) Input parameters. Input parameters will de
pend on program options selected, essentially consist
ing of the joint, element, and load descriptions.

(5) Output parameters. Basic output consists of
the echo print of the joint and element data, which in
cludes data that codes automatically generate. Based
on options selected, includes nodal point displace
ments, element stresses, frequencies, periods, mode
shapes with 3-D plot, absolute and relative motions,
stress-time histories, a plot for each motion or stress
time history, and shock spectra.

(6) Reference. User's Guide for TRIISAC Code,
2nd rev. ed. R-7128-4-4102. EI Segundo,
CA: Agbabian Assoc., May 1976.

h. STARDYNE. The STARDYNE system consists of
a series of compatible digital computer programs for
static and dynamic analyses of two or three dimension-



al structures. It uses the normal mode technique to ob
tain dynamic response for a wide variety of loading in
puts including transient, steady-state harmonic,
random, and shock spectra excitation types. It can also
be used for thermal stress analysis. The response can
be presented in the form of displacements, velocities,
or accelerations, and internal member load stresses.

(1) Formulation technique. STARDYNE uses the
finite element method to model the structure as an as
semblage of structural components or elements. These
elements interconnect node points of the model in such
a way as to realistically represent the real structure.
The program uses one or more of the following types of
elements: beams, triangular plates, quadrilateral
plates, infinitely rigid members, springs, hexahedron
solid elements, and tetrahedron solid element. The
general solution procedure consists of stiffness matrix
formulation, static analysis, eigenvalue/eigenvector
determination and dynamic analysis. Detailed proce
dures depend on the program options selected.

(2) Usability. This is a flexible general-purpose
structural analysis program. The user can select pro
gram options needed for the particular type of analysis
desired. Use of the program does not require knowl
edge of Fortran language. The self-contained error
analysis program helps user detect errors in input
data.

(3) Input parameters. Input parameters will de
pend on program options selected. They include con
trol statements, structural element properties, materi
al properties, node coordinates, node restraints, node
weight nodal forces, displacements, velocities or ac
celerations as a function of time, spring rates, damp
ing factors, temperatures on element faces and others.

(4) Output parameters. Again, these depend on
program options selected. They include eigenvectors,
frequencies, participation factors, peak nodal displace
ments, velocities and accelerations or values at
selected time intervals, forces or stresses in elements,
nodal equilibrium checks and others. Output options
include printing, tape, and plotting.

(5) Reference. MRIlSTARDYNE User Informa
tion Manual. Los Angeles: Mechanics Research, Inc.,
1 Sep 1972.

i. NASTRAN. NASTRAN (NASA Structural Analy
sis), which was developed for NASA, is a general-pur
pose digital computer program for three-dimensional
analysis of structural systems using the finite element
approach. The problems that can be solved by
NASTRAN can be broken into four general
classes: (1) Static structural problems; (2) elastic sta
bility problems; (3) dynamic structural problems; and
(4) general matrix problems. Each general problem
class is further subdivided into case types that differ
with regard to the type of information desired, the en
vironmental factors considered, or the method of
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analysis. The program is maintained by Computer Sci
ences Corporation and Universal Analytics. Two levels
are available: Level 15.5, a nonmaintained version
that can be purchased; and level 16, which can be
leased but only at domestic U.S. sites.

(1) Formulation techniques. The mathematical
computations required to solve problems are per
formed by subprogram units called functional mod
ules. Each case type requires a distinct sequence of
functional module calls that are scheduled by the
Executive System. The Executive System is the main
instrument of program organization that schedules the
operating sequence of functional modules and plans
and allocates the storage of files. It eliminates most
module interface problems and reduces the remainder
to a form that permits systematic treatment.

(2) Usability.
(a) NASTRAN is designed to analyze the behav

ior of elastic structures under a very wide range of
loading conditions. It is usable for structures of any
size, shape, class, or configuration; for any geometric
representations that can be identified by any con
venient coordinate system; for elastic relations rang
ing from isotropic to general anisotropy; for nonlinear
behavior that can be represented by piecewise linear
approximations; for complex as well as real matrix op
erations; for vibraton frequency and mode determina
tion; and for a wide variety of loading conditions. The
various loading conditions may be concentrated or dis
tributed loads, transient loads, steady-state sinusoidal
loads, static thermal profiles, enforced deformations,
time-varying as well as static surface and body forces,
and stationary Guassian random excitations.

(h) The program can handle models by the dis
placement method of the finite element approach. The
distributed physical properties of a structure are rep
resented by a model that consists of a finite number of
idealized substructures or elements interconnected at
a finite number of grid points, to which loads are ap
plied. This gridpoint definition forms the basic frame
work for the structural model, and all other parts of
the model are referenced either directly or indirectly
to the grid points. The structural element is a conven
ient means fpr specifying many of the properties of
the structure, including material properties, mass dis
tribution, and some types of applied loads. In addition,
various kinds of constraints can be applied to the grid
points. Single-point constraints can specify boundary
conditions, and multipoint constraints are used to
specify a linear relationship among selected degrees of
freedom.

(3) Output parameters. NASTRAN Level 15 pro
vides the capability for generating the following kinds
of plots:

-Undeformed geometric projections of the
structural model. For all rigid formats.
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-Static deformations of the structural model by
either displaying the deformed shape (alone or super
imposed on the undeformed shape), or displaying the
displacement vectors at the grid points (superimposed
on either the deformed or undeformed shape). For all
rigid formats in Level 16.0 and all but 7, 8, 10, and 11
in Level 15.5.

-Modal deformations (sometimes called "mode
shapes" or "eigenvectorsj resulting from real eigen
value analysis by the same options stated in (b) above.
Complex modes of flutter analysis may be plotted for
any user-ehosen phase lag. For same formats described
in paragraph (b).

-Deformations of the structural model for
transient response or frequency response by display
ing either vectors or the deformed shape for specified
times or frequencies. Same formats as (b) above.

-x-Y graphs of transient response or frequency
response.

-V-f and V-g graphs of flutter analysis.
-Topological displays of matrices.

NASTRAN Level 16 incorporates the following im
provements over Level 15:

-New capabilities developed by others and in
stalled under contract.

-Addition of some higher-quality fmite ele
ments.

(4) Reference. Bulter, T. G. and Michel, D.
NASTRAN: A Summary of the Function and Capa
bilities of the NASA Structural Analysis Computer
System, NASA-SP-260. Washington, DC: Nat1
Aeronautics & Space Admin., 1971.

j. MSCINASTRAN. This program is a version of the
NASTRAN general-purpose structural analysis pro
gram. It is a large-scale, digital computer program that
solves a wide variety of analysis problems by the finite
element method. The program is maintained by
MacNeal-Schroeder Corporation in Los Angeles, Mu
nich, and Tokyo.

(1) Formulation techniques.
(a) The distributed physical properties of the

problem are represented by a model consisting of a fi
nite number of idealized elements that are intercon
nected at a fmite number of grid points. Maximum
flexibility is provided by DMAP (Direct Matrix Ab
straction Program), a user-oriented, macro-instruction
language, which allows the analyst to solve a particu
lar problem by writing his own analysis routines. Pre
formatted solution sequences are available to conserve
user effort for the most commonly required solutions
as listed below:

-Linear static analysis (with inertia relief)
-Static analysis with differential stiffness
-Static analysis with large displacement geo-

metric nonlinearity
-Vibrational analysis
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-Buckling analysis
- Direct and modal complex eigenvalue analysis
-Direct and modal frequency analysis and ran-

dom response
-Direct and modal transient analysis (includ-

ing response spectral analysis)
-Linear static analysis with cyclic symmetry
-Linear steady-state heat transfer
-Nonlinear steady-state heat transfer
-Transient heat transfer
- Aeroelasticity

Most of these solution sequences are also available
when using superelements for those problems requir
ing substructuring.

(b) The library of fmite elements has more than
50 available types. Among these are one-, two-, and
three-dimensional elements, scalar elements, axisym
metric elements, rigid elements, mass elements, as
well as the so-called "dummy" or user-supplied ele
ment. Several new elements in the program are rigid
elements, plate elements, solid elements, linear strain
elements, and the new beam and curved-pipe elements.

(2) Usability. The program capabilities include
static and dynamic structural analysis, heat transfer,
acoustics, electromagnetism, and other types of field
problems. It has been successfully used in a diversified
way throughout the world by large and small compa
nies engaged in automotive, aerospace, civil, and
chemical engineering, shipbuilding, offshore oil, in
dustrial equipment, optics, and government research.

k. Other programs. Other computer programs that
are available and have application to the dynamic
analysis of shock isolation systems or components are
listed below as taken from Pilkey and Pilkey, Shock
and Vibration Monograph 10 (1975). Some of the pro
grams have not been given designations by their devel
opers and carry only functional titles or descriptions.

(1) Grillages. These programs have applications to
the beam and girder systems of shock-isolated plat
forms.

-GRIDSAP solves for the natural frequencies
and associated mode shapes of a rigidly jointed, two-di
mensional lumped-mass grid. Stiffness matrix altera
tions can be used to add complex structural elements
that cannot be represented by members. The output
gives stiffness matrix, natural frequencies, up to 20
mode shapes. Hardware is CDC or Honeywell. Availa
bility: STRUPAK, TRW Systems, and CDC commer
cial network.

-Dynamic Modal Analysis of Large Bar Struc
tures Having Up to 4000 Dynamic Degrees of Free
dom. This program determines eigenvalues, periods,
and eigenvectors. Also performs dynamic modal analy
sis leading to the determination of modal participation
factors, spectral displacements and maximum prob
able inertia forces. The structure may have up to 2,500



joints, 4,000 members, 4,000 lumped masses, and
4,000 dynamic degrees of freedom. The structure's
members may be circularly curved in space with a con
stant section or straight with a constant as well as a
variable section, and they may also be of different ma
terials. Members' bending, axial and shear deforma
tion are taken into account. The structure may be sub
jected to 4,000 simultaneous different dynamic
forcing functions arbitrarily varying with time and
acting at any number of joints. Damping factors and
elastic supports are also considered. Fixed input form.
Operates in and out of computer core. Hardware is
UNIVAC 1108. Availability: UCC computer network
or Fortran Electronic Calculus, Inc., 468 Park Ave.,
South, New York, NY, 10019.

(2) Cable systems. These prolll"ams have applica
tions in the analysis of pendulum isolation: (For other
programs consult "Cable Systems," N. Morris, in
Pilkey-Pilkey, 1975.

-A general nonlinear dynamic program for
three-dimensional cable nets. It uses a finite element
time representation and is not unconditionally stable.
Availability: Aska-Group, ISK Stuttgart, Pfaffen
walding 27, 7000 Stuttgart 80, Germany.

-Program using a semilinear analysis of three
dimensional cable systems. Dynamic equations are
solved by Newmark's (3 method. Availability: Atkins
Research and Development, Woodcote Grove, Ashley
Road, Epsom, Surrey, England.

-Program using a semilinear solution to two-di
mensional cable-buoy systems under various current
velocity profiles. Availability: Lockheed Electronics
Company, Inc., U.S. Highway 22, Plainfield, NJ
07061.

-A general nonlinear cable system program is
available. It uses implicit integration of the basic equa
tions and either a direct or modal response solution.
Availability: Swanson Analysis Systems, Inc., 870
Pine View Drive, Elizabeth, PA 15037.

(3) Transfer function analysis. The following pro
grams allow representation and analysis of linear,
lumped parameter, multidegree of freedom, vibration
al systems in the form of transfer functions. They are
based on Laplace transform theory.

-SUPER-SCEPTRE (System for Circuit Evalua
tion and Prediction of Transient Radiation Effects).
Nonlinear time-domain response of electrical net
works, one-dimensional multidegree of freedom
mechanical systems, digital logic, linear transfer func
tions and control systems. Hardware is IBM 3601370
and CDC 6000 series. Availability: Electrical Engi
neering Dept., University of South Florida, Tampa,
Florida.

-NET-2 NETWORK analysis PROGRAM. Non
linear time-domain response and linearized frequency
domain response of electrical networks, boolean logic,
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linear transfer functions and control systems. Hard
ware is CDC 6000 series; IBM 360/370 older version of
program available. Availability: General Electric Co.
TEMPO, DASIACIESPIG, P.O. Drawer QQ, Santa Bar
bara, CA 93102.

-SYNAP (Symbolic Network Analysis Pro
gram. Time-domain response, frequency-domain re
sponse, sensitivities, and pole-zero locations of linear
electrical networks and transfer functions. Hardware
is CDC 6000 series. Availability: AFWIJELP, Air
Force Systems Command, Kirtland AFB, NM 87115,
Attn: SCEPTRE Project Officer.

-CSMP III (Continuous Systems Modeling Pro
gram Ill). Nonlinear transient response of continuous
systems represented by algebraic equations, differen
tial equations and various functional blocks. Hardware
is IBM 360/370. Availability: IBM Program Products,
IBM sales office.

8-4. Computer programs for system op
timization.

a. General. Optimization studies have evolved over
the years (Liber-8evin, 1966; Klein, 1971; Platus et al.,
1973; Platus, 1973) and have led in large part to the
development of the computer codes listed in Table B-2
lists specific characteristics.

b. CONMIN. This is a general optimization program
for inequality-constrained problems; timeshare inter
active; designer oriented. The method features the se
quence of unconstrained minimizations technique,
with special features for finite differencing of deriva
tives and extrapolation for efficiency. Automatically
determines a feasible design and then optimizes.

c. ADAMS (Automatic Dynamic Analysis of Me
chanical Systems). The program gives descriptions of
mechanical components. Specifically, it gives descrip
tions of linkages from the masses, inertial moments,
and a guess of the initial generalized coordinates;
joints, by their type and linkage adjacencies; springs
and dashpots, by their force coefficients and their at
tachment points relative to the links; and force and
displacement inputs. There is a three-dimensional de
sign capability taking into account static analysis,
large displacement (nonlinear) transient analysis,
small displacement (linearized) analysis around a
static solution or at any solution point in time. These
analyses include vibrational analysis, modal analysis,
modal sensitivity, and modal optimization. The algo
rithms used include modal formulation, a sparse ma
trix compiler for static and transient analysis and a
sparse matrix interpreter for vibrational and modal
analysis, gear implicit integration for transient solu
tion, and Muller's method for modal analyiss.

d. POWELL, FLETCH AND HOOK. These pro
grams can be used to minimize an objective function of
n variables subject to inequality and equality con-
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TABLE B-2. PROGRAMS USEFUL IN SYSTEM DESIGN OPTIMIZATION

;
t
t

Code Name Developer Application Language Hardware Availabi lity

CONMIN F. Cinadr and R. Fox Inequality-constrained Fortran Timeshare CHI Corp.
Case Western Reserve Univ. problems 1000 Cedar Ave.

Cleveland, OH 44106

ADAMS N. Orlandea and D.A. Suspension-system Fortran IV IBM 360/370 N. Orlandea &D.A. Calahan Systems
Calahan Systems, design IBM 360/370 Univ. of Michigan
Univ. of Michigan assembly Ann Arbor, Mich. 48104

POWELL K.D. Willmert, Clarkson Nonlinear procedures Fortran IV IBM 360 K.D. Willmert
FLETCH College subject to inequality and Clarkson College
HOOK equality constraints Potsdam, NY 13676

IOWA CADET Charles R. Mischke, 150+ subprograms useful in Fortran IV IBM 360 Dept. of Mechanical Engineering
Iowa State Univ. optimizing design Iowa State Univ.

configuration Ames, Iowa 50010

COsI G.H. Klein, E.I. Axelband, Transient response of Fortran IV plUS CDC 6000 Aerospace Structures
R.E. Parker base-excited, 3-00F system CDC OPTIMA linear Information and Analysis Center
Mechanics Research Incorporated programming package (ASIAC)
Los Angeles AFFOL-FBR

Wright-Patterson AFB, OH 45433

PERFORM W.O. Pilkey and B.P. Wang Transient response of Fortran IV CDC 6000 Computer ~oftware Management
Univ. of Virginia first or second order Center (COSMIC)

dynamic linear systems 112 Barrow Hall,
University of Georgia
Athens, Georgia 30601

SYSLIPEC B.P. Wang Steady-state response of Fortran IV CDC 6000 COSMIC
Univ. of Virginia first or second order Univ. of Georgia

static systems



straints. The number of variables and constraints can
be specified by the user. These programs use Fiacco
McCormick's penalty function, including both inequal
ity and equality constraints, and Powell's, Davidon
Fletcher-Powell's, and Hook and Jeeves's methods to
minimize the unconstrained function, to obtain the op
timal solution.

e. IOWA CADET. A battery of more than 150 sub
programs that perform mechanical analysis, mathe
matical and statistical tasks upon which can be super
imposed optimization strategems such that optimal de
sign configuration may be determined. Many of the
subprograms implement procedures such as are found
in Mechanical Engineering Design, J. Shigley,
McGraw Hill, second edition, 1975. The documenta
tion scheme is designed to encourage multiple contri
bution to seed package in order that the capability may
grow in precisely the direction that improves its use
fulness. The error messaging procedure is structured
to discover logic errors in user's executive program
ming in order to facilitate use.

f. COSIo Optimizes transient response of base-ex
cited, three-degree-of-freedom system. This system is
an isolated rigid body with motions in the vertical,
horizontal, and in-plane rotational directions.

g. PERFORM. The program optimizes transient re
sponse of any first or second order dynamic system for
which the equations of motion are linear in the mo
tion, control, and excitation function.

h. SYSUPEC. This optimizes steady-state response
of any first or second order system for which the equa
tions of motion are linear in the motion, control, and
excitation functions.

8-5. Computer programs for analyzing
test data.

a. General. Computer software and hardware sys
tems employed in the analysis of shock and vibration
test data are discussed in Pilkey·Pilkey (1975). Quick
reference data are listed in tables B-3 and B-4; capa
bilities and usage are summarized below.

b. MAC/RANlJD III.
(1) Capability. General-purpose time series analy

sis software system. Consists of an executive and sev
eral data analysis processors, which include:

-Calibration
-Data preparation, (including filter design)

trend removal, wild point editing, and deci
mation

-Amplitude statistics
-Time and frequency analysis, computes corre-

lation functions and spectra by Fourier trans
formations of correlation

-Linear systems analysis, including multichan
nel frequency response and coherence func
tions
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-Fast Fourier transformation
-Fast Fourier spectra, including cross spectra,

coherence, and frequency response
-Convolution and correlation
-Print and plot
-Plugboard simulation, which allows a wide

variety of miscellaneous arithmetic and func
tional operations on time histories and fre
quency functions

-Optional add-on processors
-% octave analysis
-Tracking filter
-Shock spectrum

(2) Usage. About 30 installations of MACIRAN
exist throughout the U.S., Canada, and Europe. It has
been applied to automotive crash test and emissions
data, nuclear reactor noise, vibration and acoustics,
aircraft flight test data, and a wide variety of other
areas.

c. MRMSARD.
(1) Capability. MR WISARD (Multi-Record Wave

Investigator for Sine and Random Data) utilizes FFT
techniques to compute Fourier transforms, power
spectra functions on single data records, and cross
spectra and correlation functions on multiple records.
The program also computes amplitude and peak dis
tribution functions and tests for goodness-of-fit with
theoretical functions. In addition to these computa
tions, the program includes procedures for manipulat
ing and preparing data for analysis. These procedures
include, for example: filtering with both analog-sim
ulated recursive filters and with digital filters that
have no analog equivalent, and editing and modifying
the data in order to remove trends, offsets, and invalid
data. MR WISARD is written almost entirely in
FORTRAN IV language except as follows:

-The Calcomp plotting package
-The routine for reading variable-length bi-

nary records from the ADC tape
-A routine that unpacks a standard 36-bit

word
-A routine that aids in the detection of num

bers and words for the free-mode input
(2) Usage. The MR WISARD program was pre

pared to fulfill a requirement in the shock and vibra
tion groups at NOL for a comprehensive data manip
ulation and analysis capability. However, it is coded
mainly in FORTRAN and hence in principle could be
adapted for use on other machines at other locations.

d. DYVAN.
(1) Capability. The DYVAN program is intended

to analyze sinusoidal sweep, shock, and single and two
channel random data. This includes auto and cross cor
reIations, power and cross spectral density function,
coherence, and probability histograms.

(2) Usage. DYVAN is used at Goddard Space
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TABLE B-3. COMPUTER PROGRAMS FOR ANALYZING TEST DATA: SOF1WARE

...
~
VI

~

t

Program Developer Application Language Hardware Availability

Mo\C/RANtm I II R.K. Otnes, L. Enochson General-purpose ANS Fortran IV Any medium-to-large-scale University Software System
Agbabian Associates time-series analysis digital computer with (a subsidiary of

Fortran compiler and Agbabian Associates)
peripheral units; plotter 250 North Nash
desirable 61 Segundo, CA 90245

MR WISARD R.S. Reed Time-series data Fortran IV IBM 7090 R.S. Reed
U.S. Naval Ordnance Lab analysis (except as noted IBM 7094 Environment Simulation Div.

in text) U.S. Naval Ordnance Lab.
White Oak, MD

DYVAN R. S. Mitchell Shock and vibration ANS Fortran IV (95%) IBM 360/91 release 18 E.J. Kirchinan, Code 321
A. Villasenor analysis (almost machine CDC 3000 L real-time Test &Evaluation Div.
R. Morgan independent) SCOPE (version 2.0) NASA Goddard Space Flight
R. Dorian Note: Large-scale com- Center
Goddard Space Flight Center puter peripheral equipment Greenbelt, MD 20770

necessary

RAVAN M. Newberry Statistical, spectral, SHARE Compiler- IBM 7094 with Murl H. Newberry Computation
Marshall Space Flight Centex and correlation Assembler-Translater IBM 1401 printer, Lab

analyses for (SCAT) Stromberg-Carlson Marshall Space Flight Center
vibration, acoustics, 402 plotter NASA, Huntsville, AL 35812
and related data

BMD L. Hayward Time-series and ANS Fortran IV Coded for Prof. W.J. Dixon
R. Generich statistical analysis (a Imos t machine I~~ 360/91 or any Health Sciences Computing
and others independent) medium-to-large-scale Facility
UCLA system supporting University of California

Fortran IV Los Angeles, CA 900~S



TABLE B-4. COMPUTER PROGRAMS FOR ANALYZING TEST DATA: SPECIAL-PURPOSE FIRMWARE

,.......

Type Developer Application Firmware Availabi Ii ty

Time/Data Systems Time/Data Corp. Time series analysis DEC PDP-II minicomputer Time/Data Corporation
(data-analysis and (FFT-software based) 1050 E. Meadow Cir.Ole
vibration-test control Palo Alto, CA 94303
systems)

Fourier Analyzer System Hewlett Packard Time-series analysis HP 21005 minicomputer Hewlett-Packard
(FFT-software based) 5301 Stevers Creek Blvd.

Santa Clara, CA 95050

CSPI SCPI Digital signal processor Minicomputer SCPI
(software based) 209 Middlesex Turnpike

Burlington, MA 0lB03

Omnifer6us tm Analyzer Nicolet Scientific Corp. Time-series analysis Hardwired digital processor Nicolet Scientific Corp.

Ubiquitous tm Analyzer 245 Livingston St.
Northvale, NJ 07647

Digital Signal Program Spectral Dynamics Corp. Data analysis and DSP SD360 Spectral Dynamics Corp.
vibration test control (can interface with P.O. Box 671

PDP-ll ) San Diego, CA 92112

Correlation and SAlCOR On-line, real-time SAI-43A digital processor Honeywell Signal Analysis
Probability Analyzer computation Operation (SAICOR)

Fourier Transform sAICOR Fourier Analysis SAI-470 digital processor 595 Old Willets Path
Analyzer Hauppage, NY 11787

Zonic Signal Processor Zonic Technical High-speed FFT analysis OMS 5003 microprocessor- Zonic Technical Laboratories, Inc.
Laboratories based design 8927 Rossash Road

Cincinnati, OH 95236

...
~
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Flight Center (GSFC) for various types of shock and vi
bration analysis. Discussions with two users have indi
cated general satisfaction with its characteristics and
capability.

e. RAVAN.
(1) Capability. The RAVAN program performs

various statistical, spectral, and correlation analyses
for vibration, acoustics, and related data. The com
putational methods are based on the pre-FFT algori
thms of Blackman and Tukey but implement many of
the functions discussed here.

(2) Usage. RAVAN analyzes vibration, acoustic,
and related data from various missile and space vehi
cle vibration tests. In terms of computer time usage,
RAVAN and related programs have probably been
used more than, or at least as much as, any other pro
gram. In its exact form, it was used only at Marshall
Space Flight Center, but it has been the model for oth
er related program packages at other NASA installa
tions.

f. BMD.
(1) Capability. The time series section of BMD in

cludes an original correlation and spectrum computa
tion section based on the Blackman-Tukey method and
a later extension (X series) to FFT-based spectra, in
cluding detrending, filtering, and multichannel spec
tral analysis. Hence, the BMD package can implement
most of the techniques discussed here. The potential
user who intends to adapt it to his system must be cau
tioned that the BMD package is a large system and
substantial effort is required to adapt it to a given
computer system.

(2) Usage. The BMD package is intended to be a
generally available program package. Its emphasis is
on basic statistics and it is a well-exercised package for
such applications. The time series analysis modules
may not be used as often, but have been used through
out a wide number of organizations in the United
States, Canada, and Europe.

g. Time/Data Corporation Systems.
(1) Capability. The Time Series Analysis systems

are based on the DEC PDP-ll(a) minicomputer. They
include both data analysis systems and vibration test
control systems. All systems are FFT-software-based
with a microcoded FFT processor available for higher
speeds. All basic functions are implemented:

-DirectJinverse Fast Fourier transform
-Auto/cross spectrum
-Transfer/coherence function
-Impulse response
-Auto/cross correlations
-Amplitude histograms
-Characteristics functions

Additional functions are available in a special software
package called TSLtm (Time Series Language).

-The vibration test control systems constitute a
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special subset of processors that perform more or less
standard time series data reduction methods but are
dedicated to the specific application of vibration test
ing. These break down further into random vibration,
sinusoidal vibration, and shock control systems.

-All systems have direct two-channel analog
data input capability with real time data acquisition
and analysis bandwidths up to 4 kHz. Two channels of
data can be handled simultaneously with up to 32 op
tional. Certain modal analysis capabilities are also
available.

(2) Usage. TimelData systems are widespread use
throughout U.S., Canada, Europe, Japan, and Aus
tralia. Approximately 200 systems are in regular use.

h. Hewlett-Packard Fourier Analyzer Ssytem.
(1) Capability. This is a time series analysis sys

tem based on a HP 2100S minicomputer. It includes
basic data analysis systems, a vibration test control
system, and special software for rotating-machinery
analysis. All systems are FFT-software-based with a
hardward FFT processor as an option for higher speed.
All basic time series analysis functions are available:

-DirectJinverse Fast Fourier Transform
-Auto/cross spectrum
-Transfer/coherence functions
-Auto/cross correlations
-Convolution
-Histogram

(a) In addition, the HP system incorporates a
programmable pushbutton keyboard that allows the
computation of other related functions. Also, differen
tiation, integration, and complex airthmetic are avail
able.

(b) The vibration test control system is a special
ized Fourier Analyzer System with a special control
panel that augments the keyboard. This system is a
dedicated random vibration control system.

(c) All systems have two-channel analog input
capability with four-ehannel options. Real-time data
acquisition and analysis bandwidth up to 4-5 kHz is a
standard capability. Other options allow up to 32 chan
nels of input data.

(2) Usage. HP systems are in widespread use
throughout the U.S., Canada, and Europe. It is esti
mated that about 200 systems are operational.

i. CSPI.
(1) Capability. CSPI produces a high speed mini

computer-based Digital Signal Processor. The system
is software based and does not necessarily control ana
log input or displays as standard, but all these are op
tional features. An array processor is available as an
option to provide higher speed processing. The basic
signal processing library contains the following:

-Radix-4 FFT
-Radix-3 FFT
-Radix-2 FFT



-FIT related functions-auto/cross spectrum,
convolution/correlation spectrum

-ZoomFFI'
-Complex multiply
-Complex magnitude squared
-Complex magnitude
-Cosine/sine table interpolation
-Log of complex magnitude
-Base-2Iog(2 approximations)
-Complex exponential generator
-Recursive filter
-Integrate and dump filter
-Histogram
-Direct correlation
-Direct convolution
-Hanning weighting
-Predictive coding
-% octave filtering

(2) Usage. The CSPI machines have seen more
limited usage than systems such as are available from
TimelData and HP. Most of the apparent usage has
been associated with speech processing and sonar data
processing, where high speed is of paramount impor
tance. In at least one case, an earlier version has been
used in a special purpose analog-to-digital conversion
system, where the main type of data was vibration.

j. Nicolet Scientific Corporation.
(1) Capability. Of the two systems, Ubiquitous

Analyzer and Omniferous analyzer, the newer Omnif
erous analyzer will be emphasized due to its greater
capability. This is essentially a hardwired digital com
puter. It is capable of inputting two channels of analog
data. A system including typical options will compute
the following:

-Fast Fourier transform
-Inverse Fast Fourier transform
-Auto/cross spectrum
-Transfer/coherence functions
-Auto/cross correlations
-Ensemble averaging for any of the above
-Signal enhancement or time-function averag-

ing for two channels
With the addition of the minicomputer, system opera
tion can be expanded to include octave-band analysis,
~a octave analysis, frequency equalization, probability
density, probability distribution, automatic spectrum
peak detection (special calculations optional), and spec
trum signature recognition. The maximum relay time
processing bandwidth is 10 kHz for two channels of
data.

(2) Usage. The Ubiquitous analyzer has much
larger usage throughout the world, especially in Navy
applications. The newer Omniferous analyzer is not
yet in such widespread use; however, many of these
units do exist and apparently are in regular use.

k. Spectral Dynamics Corporation SD360.
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(1) Capability. The all-digital SD360 Digital Sig
nal Processor (DSP) includes a stand-alone, hardwired
FIT analyzer, analog signal conditioners, and a com
puter. It provides a complete signal analysis capability
from 0.01 Hz to 150,000 Hz. The DSP looks and oper
ates like an instrument, not a computer. It performs a
dozen different data analysis functions, including:

-Signal averaging
-Single or dual Channel FFT
-Cross-spectrum analysis
-Inverse transforms
-Auto/cross correlation
-Convolution
-Transfer function analysis
-Coherent output power
-Probability density histograms
-Probability distribution

The maximum real-time bandwidth for two-channel
spectral analysis is approximately 30 kHz. Spectral
Dynamics also produces a vibration test control system
based on the SD360. In addition, options are available
for tracking filter and shock spectrum analysis. The
system can be interfaced to a PDP-ll minicomputer
to provide additional ItO flexibility.

(2) Usage. The SD360 DSP is a relatively new
addition to the Spectral Dynamics equipment line.
However, S-D tracking filters, mechanical impedance
analyzers, and related analog equipment have been in
widespread use for many years. Therefore, it is reason
able to assume that the SD360 is being used for vibra
tion data analysis throughout the United States.

t. HoneywelVSAlCOR.
(1) Capability. The combined capability of a dig

ital correlation (SAl 43A) and digital Fourier trans
form analyzer (SAl 740) will be described. SAICOR has
produced various types of analog and hybrid signal
processing gear for several years, but the discussion
will be restricted to thi~particular gear.

(a) The SAI-43A Correlation and Probability
Analyzer is an all-digital high-speed processing instru
ment that provides an on-line, real time computation
in three primary operating modes-Correlation (auto
and cross), Enhancement (or signal recovery), and
Probability (density and distribution). A 400-point
analysis is accomplished in all modes. The SAI-43A
provides a minimum l1t of 0.2 /Asec or a 5-MHz sam
pling rate. Also standard are 800 points of precom
putation delay, exponential (RC) averaging, and binary
digital outputs.

(b) The SAI-470 Fourier Transform Analyzer
(ITA) is a fully digital instrument that performs a
Fourier analysis of any function computed by either
the SAI-42 or SAI-43 100 and 400 point Correlation
and Probability Analyzers. (External digital input data
can also be applied to the ITA for transformation.)
The combination of these two devices gives:
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-Auto/cross correlation function
-Auto/cross spectral density function
- Probability density
-Probability distribution
-Signal averaging

(2) Usage. SAICOR has been producing this and
other data processing equipment for some time, and
presumably the correlator and FTA are in regular use.

m. Zonic DMS 5003 High-Speed FFT Analysis Sys
tem.

(1) Capability: Zomc produces a high-speed mi
crocomputer-based digital signal processor having a
capacity of up to 16 channels. This hardware-based
system may be coupled via telephone data link to large
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central computers for more sophisticated data process
ing. The system provides for transient data capture
and storage on cassette tapes or floppy discs. Major
capabilities are:

- Time-domain windowing of data
-Forward and inverse FFT
-Averaging (time or frequency)
-Transfer function
-Coherence
-Auto/cross spectrum
-Peak location
-Integration and differentiation

(2) Usage. lomc systems are widespread through
out the United States, Canada, and Europe.
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Aboveground
Facility:

Acceptable
Fragility:

Actual Fragility:

Airblast:

Airblast-induced
Ground Shock:

Balanced System:

Coulomb Damping:

Coupling:

Facility in which all or a por
tion of the structure proj
ects are above the ground
surface.

The environmental conditions
specified in a test that a
system/component must
pass to be qualified.

The dynamic environment
magnitude, and its varia
tion with frequency and
time, which is just suffi
cient to cause failure, mal
function, or damage.

The overpressure signal fol
lowing the shock wave driv
en through the air by an ex
plosion.

Stress and particle motion in
the ground caused by pass
age of the airblast overpres
sure signal over the ground
surface.

A system for which the prin
ciple elastic axes and prin
cipal inertial axes coincide,
and for which the points of
intersection of both sets of
axes lie at the center of
gravity of the mass.

The dissipation of energy in a
vibrating system caused by
a dry friction force opposes
the sliding of two members
in contact. As an approxi
mation, the friction force is
directly proportional to the
normal force and to the co
efficient of friction. It is in
dependent of the sliding
velocity, but in a direction
that opposes the velocity.

A condition or mechanism
whereby a deflection in one
mode (or directory) induces

Crater-Induced
Ground Shock:

Damage:

Damping Ratio:

Deep-buried
Facility:

Diagnostic Test:

Direct-induced
Ground Shock:

Elastic Axis:

Elastic Center:

a force in a second mode, or
vice versa.

Late time stress and particle
motion signals attributed
to crater formation.

(1) A form of failure (irrever
sible but borderline opera
tion); (2) permanent degra
dation in performance, re
duction in hardness, or lim
itation of survivability; (3)
degradation of system/com
ponent attributes unrelated
to performance.

The ratios of the actual vis
cous damping coefficient to
the critical damping coeffi
cient.

Facility buried deeply enough
in the earth so that the
prime-mission materiel!
personnel will physically
survive when weapons of
the anticipated threat are
delivered with great accu
racy and detonated over
head.

The use of specific input exci
tation such as slow or rapid
sine sweeps, random vibra
tion, etc., to identify weak
spots in the equipment.

Stress and particle motion in
the ground resulting from
direct radiative and hydro
dynamic deposition of
bomb energy in the ground.

An axis of an isolator for
which an unconstrained ele
ment will experience a dis
placement colinear with the
direction of the applied
force.

The point of intersection of
the principal elastic axes of
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Equipment
Fragility:

Facility:

Facility
Environments:

Failure:

Flush Facility:

Fragility Test:

Ground Shock:

Hysteretic Damping:

Impedance:

Impulse:

Malfunction:

Glossary-2

a resilient element (isola
tor).

A spectrum of maximum mo
tions that an equipment
item is expected to survive.
Also called hardness or tol
erance.

The structures and equipment
required to house, support,
and protect the prime-mis
sion materiel/personnel.

The varied response motions
at different locations with
in a facility subjected to nu
clear weapon effects.

An irreversible environment
induced inoperative condi
tion, operation outside of
tolerances, or change in op
erational state.

Facility countersunk in the
ground so that the struc
ture roof is level with the
ground surface.

A test under simulated envi
ronmental conditions in
which the test level IS

raised until failure or mal
function occurs.

The ground stress and ground
motion resulting from di
rect energy deposition
and/or airblast loading
from an explosion.

The energy dissipated in a vi
brating system due to inter
nal hysteresis of structural
members as they undergo
cyclic variation of strain.

The complex ratio of input
force to output velocity.

Acceleration or velocity di
vided by for force as a func
tion of time. The impulse
function can be obtained by
performing an inverse
Fourier transformation on
the impedance function.

A reversible environment in
duced inoperative condi
tion, operation outside of
tolerances or change in op
erational state.

Modeled Fragility:

Mode Shape:

Outrunner:

Overpressure:

Personnel
Tolerance:

Positive Phase
(duration):

Production Test:

Quadratic Damping:

Qualification Test:

The fragility as estimated
from mathematical or em
pirically derived models.

The characteristic ratios of
displacements of different
parts of a system associated
with a particular actual fre
quency.

The ground signal propagated
through underlying higher
velocity layers at the
ground surface that arrives
before the airblast shock
front.

The airblast pressure (in ex
cess of the ambient pres
sure) resulting from an ex
plosion.

Maximum acceleration that
personnel can tolerate
based on threshold levels
for discomfort, pain, loss of
balance, and injury.

The length of time the air
blast signal shows a posi
tive overpressure.

A test performed on a manu
factured item to reveal
weaknesses or defects due
to errors or excessive varia
bility in manufacture of the
equipment.

The energy dissipated in a vi
brating system by a person
more able within a liquid
filled cylinder. The piston
has an orifice through
which the liquid flows as
the piston moves. The force
that resists motion of the
piston is approximately
proportional to the square
of the velocity of the piston
relative to the cylinder.
Also called velocity
squared or non-proportion
aldamping.

A test under simulated envi
ronmental conditions ill

which the test level is se
lected based on the threat
environment plus safety
factors to allow for uncer
tainties.



Quality Factor (Q):

Rattlespace:

Reciprocity:

Response Spectrum:

Shallow-buried
Facility:

Spring Rate:

Subseismic:

A measure of the sharpness of
resonance or frequency se
lectivity of a resonant vi
bratory single-degree-of
freedom system. This quan
tity is equal to the recipro
cal of two times the damp
ingratio.

The maximum space available
for displacement of a shock
isolated system without in
terference from adjacent
objects or barriers.

Trait exhibited when the
drive point and the meas
urement point for a force or
motion can be interchanged
to produce a new imped
ance plot similar to the
original plot.

The peak response of single
degree-of-freedom systems
(SDOF) to dynamic inputs,
usually plotted as peak re
sponse absolute accelera
tions, pseudovelocities. and
relative displacements as
functions as the frequency
of the SDOF. Also referred
to as shock spectrum.

A structure covered with at
least one structure diam
eter of soil, but not deep
enough to withstand a di
rect overhead weapon
burst.

The complex ratio of force to
displacement. Also called
stiffness.

Moving slower than the local
sound speed, used to desig
nate that region where the
airblast overpressure shock
front is moving faster than

Superseismic:

Transattack:

Transseismic:

Transfer Function:

Transmissibility:

Uncertainty:

Viscous Damping:
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the wave speed in the
ground.

Moving faster than the local
sound speed; used to desig
nate that region where the
airblast overpressure shock
front is moving faster than
the wave speed in the
ground.

The time frame between the
first burst (or button-up)
and the last burst.

Moving at the local sound
speed; used to designate
that region where the air
blast overpressure shock
front is moving at the same
speed as the ground wave.

The ratio of output force to
input force, or of output
motion to input motion.

The ratio of the maximum ab
solute displacement (or ve
locity or acceleration) of a
shock-isolated mass to the
maximum displacement (or
velocity or acceleration) of
the base to which the mass
is shock mounted.

The amount (estimated) by
which the predicted value
for the parameter may vary
from the observed or true
value.

The dissipation of energy in a
vibratory system caused by
shearing a fluid film be
tween two sliding surfaces.
The force has a magnitude
that is proportional to the
velocity of the system and a
direction opposite to that of
the velocity.
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